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SUMMARY
The research presented  in this th esis can be divided into four 
main areas: (a) B iosynthesis of Quinolizidine Alkaloids; (b) B iosynthesis
of Ammodendrine and Anabasine; (c) Synthesis of Cadaverine 
D erivatives and T esting for Biological Activity; and (d) Monoacylation 
of Diamines Catalysed by Lipases.
(a) B iosynthesis of Quinolizidine Alkaloids
Previous work had revealed that cadaverine is a good precursor
of quinolizidine alkaloids. A series of cadaverines, namely (R)~ and
2 2 2 ( S ) - [ l -  H ]cadaverine, [3 ,3 -  cadaverine, [2 ,2 ,4 ,4 -  H ^]cadaverine,
[ l-am in o-^ N  , 1 -^ C ]cad averin e and [ljS-^^C^, 2 ,2 ,4 ,4-^H^]cadaverine
were syn th esised  by known routes and isolated as their dihydrochloride
sa lts .
The b iosynthesis of matrine was studied in Sophora microphylla
2
plants. Samples of (R )- and ( S ) - [ l -  HJcadaverine, (R )- and (S )-
2 2 2 [2- HJcadaverine, [ 3 ,3 -  H ^]cadaverine, [ 2 , 2 , 4 , 4 -  H^]cadaverine and
15 13[1-amino- N , 1- C ]cadaverine were fed with a radioactive tracer to 
the plants by the wick method. After ten days the plants were macer­
ated and the alkaloids were extracted . Matrine was separated from 
anagyrine, N -m eth ylcytisine, and cy tis in e , using preparative t . l . c .
p la tes. High specific incorporations were recorded and labelling
2 13patterns were established using H and C n . m . r .  spectroscopy. 
Information about the enzymic processes involved in matrine b iosynthesis  
was gained and a biosynthetic pathway was proposed.
v i i
The b iosynthesis of anagyrine was investigated  in plants of
2Anagyris foetida. Specifically labelled (R)-  and ( S ) - [ l -  Hjcadaverine
and (R)-  and (S)-[2-^H ]cadaverine (prepared by Dr. G.N.  Sheldrake)
were fed to A. foetida. The alkaloids were isolated and separated using
preparative t . l . c .  plates to yield  anagyrine and Nym ethylcytisine.
2Labelling patterns were established by H n . m. r .  spectroscopy. The
stereochem istry of a number of enzymic processes involved in anagyrine
b iosynthesis was established and labelling patterns previously obtained
in N -m ethylcytisine were confirmed.
3 ,3-Dim ethylcadaverine was syn th esised  from 2 ,2-dim ethyl-
propane-1,3-d iol by converting the diol into its  dim esylate, then
displacing the mesylate with cyanide. The resulting dinitrile was
reduced using diborane and acidification yielded the final product.
14Radioactive material was also made using Na CN. This was fed to 
A . foetid a , S. microphylla and Lupinus lu teus p lants. N.m.r .  spectro­
scopy and radioactive scintillation counting was used  to try to establish  
if  3, 3-dim ethylcadaverine is metabolised by the plant. 3-Fluorocadaverine 
was prepared from diethyl 3-hydroxyglutarate by displacement of the 
hydroxyl group by fluoride using diethylaminosulphur trifluoride (DAST),  
followed by reduction using lithium aluminium hydride to the correspon­
ding diol. This diol was then treated with hydrazoic acid, triphenyl 
phosphine and d i-isopropyl azodicarboxylate in tetrahydrofuran, followed 
by acidic hydrolysis to afford the final product, 3-fluorocadaverine
dihydrochloride. This salt was fed alongside a radioactive tracer to
19L. luteus p lants. F N.m.r .  spectroscopy was used to follow its  fate 
in the plant.
(b) B iosynthesis of Ammodendrine and Anabasine
2Samples of (R)-  and (S ) — [ 1— H ]cadaverines were used to
establish  the stereochem istry of the enzymic p rocesses taking place in
the b iosynthesis of ammodendrine and anabasine.
Ammodendrine b iosynthesis was studied in cell-free  extracts
containing diamine oxidases and in intact leaves and petioles of Lupin us
sp ecies . GC-MS analysis showed that it is the p ro -S hydrogen that is
lost and the p ro-R hydrogen is  retained on oxidation of each cadaverine
unit and that similar p rocesses occur in cell-free  extracts and intact
cells in the formation of ammodendrine.
The b iosynthesis of anabasine was investigated  in Nicotiana
rustica hairy root cultures produced at the A . F . R . C .  Food R esearch
2
Institu te at Norwich. H N.m.r .  spectroscopy revealed that
(i) cadaverine is a precursor of the piperidine ring only of anabasine;
(ii) it is  the p ro -S hydrogen that is  lost in the conversion of 
cadaverine into 1-aminopentanal; and (iii) the nicotinic acid attacks 
the A'-piperideine moiety at C-2' from either the re or si face to 
produce racemic anabasine.
(c) Synthesis of Cadaverine D erivatives and Testing for 
Biological A ctivity
A series of cadaverine derivatives was prepared from the  
corresponding diacid by reduction to the diol followed by transformation 
of the diol into the diamine using hydrazoic acid, d i-isopropyl azo- 
dicarboxylate and triphenylphosphine. These diamines were tested  by 
other workers for biological activity against fungi and bacteria. The
ix
derivatives were also made available for testing by others as substrates  
for the enzyme diamine oxidase.
(d) Monoacylation of Diamines Catalysed by Lipases
Putrescine was su ccessfu lly  monoacylated in ethyl acetate 
using porcine pancreatic lipase (PPL) as a catalyst. Both the structure  
of the acyl group and the alkyl group of the solvent ester  were found 
to have an effect on the rate of acylation. The concentration of water 
and temperature were also found to be significant factors affecting the 
reaction. Attempts were made to resolve (± )-trains-1 ,2-diaminocyclo- 
h exan e, (±)-l,2-d iam inopropane and (±)-2-m ethylcadaverine using the 
enzymic monoacylation. Some enantioselectivity was observed in the 
monoacylation of (±)-l,2-diaim inopropane when 3-m ethylpentan-3-ol was 
used as a solvent with 2 molar equivalents of ethyl acetate.
1CHAPTER ONE
INTRODUCTION TO QUINOLIZIDINE ALKALOIDS
At the present time, more than 7000 different alkaloids are known. ^
An enormous variety  of structures having many different skeletal types
are rep resen ted . The term "alkaloid" or "alkali-like" was first coined
2
by W. M eissner, a pharm acist, in 1819. A modern definition was 
proposed by Winter stein and T rier, who described an alkaloid as a 
basic, nitrogen-containing compound of either plant or animal origin . 
"True alkaloids", as they were c lassed , also fulfilled four additional 
conditions:
(i) They contained a nitrogen atom as part of a heterocyclic  
system .
(ii) They had a complex molecular structure.
(iii) They exhibited some kind of pharmacological activ ity .
(iv) Their occurrence was limited to the plant kingdom.
These "true alkaloids" are restricted  to certain families and genera of 
the plant kingdom -  only 9% of over 10,000 plant genera are alkaloid 
producing. They occur rarely in cryptogamia, gymnosperms and 
monocotyledons, but are abundant in certain dicotyledons and especially  
in certain families including Compositae ( e . g .  groundsel, ragw ort), 
Leguminosae ( e . g .  broom, gorse, laburnum, lupins) and Papaveraceae 
( e . g .  p op p y). Well-known alkaloids include morphine (1) (from the
2opium poppy, Papaver somniferum) which was the first pure alkaloid 
isolated; strychnine (2) (from Strychnos nux-vom ica) ; and quinine (3) 
(from Cinchona bark) .
H!
0
X C H
H O \*v
V * ’ * H
< 1 )
0
( 2 )
HO
( 3 )
3Quinolizidine alkaloids are found in the Leguminosae family. 
These plants are indigenous to all climates ranging from equatorial rain
4
forests to cold areas and dry d eserts . Legumes are not only important 
as foodstuffs and livestock  fodder, but also because they fix  nitrogen  
and help to conserve soil. They are also valuable sources of timber,
3oils, r es in s , gums and dyes ."  The economic value of legumes is likely
to increase rapidly as the human population continues to rise and more
marginal agricultural lands are used to produce food. The quinolizidine
alkaloids (lupines) form the b iggest group of legume alkaloids, and
indeed represent about 2% of the total number of alkaloids known from
plants. They are important because they are poisonous to humans and
to l i v e s t o c k .   ^ Furthermore, they show potentially useful pharmacological 
7
activ ities. They can also be used to trace phylogenetic relationships 
in plant sp ecies.^
1.1 Structural Types of Quinolizidine Alkaloids
Quinolizidine alkaloids can be divided into six  main structural
1,3groups:
(i) Lupinine (4) and its  esters
(ii) Tetracyclic quinolizidine alkaloids, such as ( +)-sparteine (5) and 
(—)-lupanine (6) .  T hese structures can be modified with a keto group 
and up to two hydroxyl groups. The hydroxylated lupanines form 
esters with aliphatic and aromatic acids,
OH
< 4 )
H
a i o  4  H 
H
H
0
( 6 )
4(iii) Pyridone quinolizidine b ases, such as (—)-cy tis in e  (7) and 
anagyrine (8) .
H
H
NH
l i
0
14
13
C
< 8 )
( 7 )
(iv) Tricyclic degradation products of the sparteine/lupanine-type  
alkaloids, such as angustifoline (9) and tetrahydrorhombifoline (10)
14
11 13
12
10
o o
( 9 )
(v)  Matrine ( l l ) - t y p e  quinolizidine alkaloids.
( 1 0 )
V)
h  H
H ' " " J  =  U " " H
<1 1 )
(vi) Multiflorine (12) - type alkaloids with a modified A ring.
o
H 
( 1 2 )
1. 2 Methods of Analysis of Quinolizidine Alkaloids
In many ca ses , th in-layer chromatography ( t . l . c . )  with 
detection by D ragendorff's reagent has been used to analyse quinolizi­
dine alkaloids. This method is only of u se, however, for simple
alkaloid m ixtures. Gas-liquid chromatography (GLC) is the preferred
9
method for separation of complex mixtures of alkaloids.
N.m.r .  and mass spectrom etry are now widely used as well as 
i . r .  spectroscopy which was popular some years ago. N. m. r .  spectro­
scopic techniques used will be d iscussed  in Chapter 2. Mass 
spectrom etry (MS) is often used  in conjunction with GLC (GLC-MS), 
when known structures need to be identified  on a small scale.
1.3 Biology and Physiology of Quinolizidine Alkaloids
The b iosynthesis of quinolizidine alkaloids (d iscu ssed  in 
Chapter 2) occurs only in aerial parts of the plant, ^  although the whole 
plant accumulates the alkaloids. The h igh est concentration of alkaloid 
is found in the seeds -  up to 5% dry weight."^ The accumulation is
tissu e-sp ec ific , that is ,  marked concentrations are found in epidermal
12,13and subepidermal tissu es of stems and leaves.
Since quinolizidine alkaloids are found in tissu es which do not 
produce them, a transport system  must be present in the plant. 
Experiments have shown that transportation occurs via the phloem sap
• i + 14>15m the p lants.
Quinolizidine alkaloids, like many other secondary m etabolites,
are not the end products of metabolism, but are in a dynamic state of 
16turnover. This turnover m anifests itse lf in several w ays, including
the diurnal cycle of the alkaloids (h igh  concentration of alkaloids are
17present during the day and low amounts are found at night ) ,  and the
fact that when quinolizidine alkaloids are added to cell suspension
18cultures they disappear within a week of cultivation.
1. 4 Biological Properties of Quinolizidine Alkaloids
Quinolizidine alkaloids are very  toxic to range animals,
19especially sheep . When intoxicated , sheep show symptoms of 
n ervou sn ess, inco-ordination and convulsions. Death may occur as a 
result of respiratory p a ra ly sis . ^  H owever, since quinolizidine alkaloid 
intoxication is not cumulative, animals can eat large amounts of legumes 
containing alkaloids, as long as the lethal dose is not exceeded . The 
greatest number of livestock  deaths due to poisoning happen in the 
autumn, during the seeding stage . Since the seeds contain the highest 
level of alkaloid, th is fact is not surprisin g .
Pyridone alkaloids, such as anagyrine (8) and cytisine (7) ,  
have been found to be more toxic than the saturated alkaloids such as
7( +)-sparteine (5) .  Anagyrine (8) causes "crooked calf disease" in 
cattle, and both anagyrine and cytisine are teratogens in higher
2i
animals. Human poisoning with quinolizidine alkaloids is rare, but
22is reported occasionally.
Below the pharmacological properties of a number of quino­
lizidine alkaloids are summarised:
Alkaloid Type of A ctivity
Sparteine (5) Antiarrhythmic
Diuretic 
Uterotonic, Oxytocic
Lupanine (6) Antiarrhythmic
Hypotensive 
Hypoglycemic
Teratogenic (calves)
Teratogenic (ch ick s, rabbits)
Respiratory stimulant 
(nicotine-like a c tiv ity )
Halluc ino g enic
Uterotonic, Oxytocic
The pharmacological activity of some quinolizidine alkaloids may
be due to their ability to bind to divalent cations such as calcium, e . g .
23the ot-isosparteine complex (13).
Anagyrine (8) 
C ytisine (7)
( 1 3 )
They are able to function as ligands, in a way similar to other diamines.
1. 5 Functions of Quinolizidine Alkaloids as Defence Compounds
Quinolizidine alkaloids were formerly regarded purely as 
metabolic waste produ cts, or forms of nitrogen storage. Nowadays, 
they are believed to be chemical defence compounds used to ward off 
predators. Much evidence has been gathered to substantiate this 
b elie f:
(i) A lkaloid-free lupin sp ecies , when grown together with the alkaloid-
24rich wild ty p es , were selectively  eaten by herbivores.
(ii) The quinolizidine alkaloids lupinine (4) ,  sparteine (5) and
lupanine (6) are toxic to , and inhibit growth of, an aphid which
25normally feeds on alkaloid-free lup ins.
(iii) Lupinine is a toxic feeding deterrent of a grasshopper,
26Melanoplus b iv itta tu s.
Legume species do not have thorns or stinging hairs to defend  
them selves, making quinolizidine alkaloids a n ecessary  form of defence.
9Legumes which do not produce quinolizidine alkaloids often accumulate
other toxic substances such as pyrrolizidine alkaloids and lectin s, again
27presumably as defence mechanisms.
Some animals have overcome th is defence mechanism, and
28
through evolution, can detoxify quinolizidine alkaloids. They are 
thus furnished with an ecological advantage over other species. A few 
aphids have specialised to eat alkaloid-rich lupins -  the quinolizidine 
alkaloids they accumulate act as their defence mechanism. If carni­
vorous beetles feed on these aph ids, they are narcotized within forty  
29eight hours.
The role of quinolizidine alkaloids as a defence mechanism for 
legumes h as, therefore, been estab lished , but th is may not be their 
only role in p lants.
1.6 Aims of Project
The way in which quinolizidine alkaloids are formed in plants 
(b iosyn thesis) is  of fundamental in terest. Previously , simple quinoli­
zidine alkaloids such as lupinine (4) and sparteine (5) had received
most attention, and their b iosyntheses had been studied in depth.
Curt
They^(formed from L -lysine (14) via cadaverine (15) ,  the precursors of 
six-membered rings containing nitrogen in nature. This area is 
review ed in Chapter 2.
H2 N NH2
<1 4 ) < 1 5 )
It was considered necessary to widen the scope of these biosynthetic  
stu d ies. Hence, this research project was directed mainly towards an 
investigation into the b iosynthesis of matrine (11) and anagyrine (8) .  
The resu lts of these investigations are d iscussed  in Chapter 3.
The opportunity arose to study the b iosynthesis of two other 
alkaloids derived from lysine and cadaverine, ammodendrine (16) and 
anabasine (17).  The pyridine ring of anabasine is derived from 
nicotinic acid (18).  It is believed, how ever, that anabasine can also 
be formed from two molecules of cadaverine.
■N-
H
N-
( 1 7 )
,c o 2 h
A
CHn C
( 1 8 )
( 1 6 )
The resu lts of these investigations are presented  in Chapters 4 and 5.
Since quinolizidine alkaloids have a range of biological 
activ ities , it is desirable to produce analogues of these alkaloids for 
biological evaluation. Total syn th esis of many of these alkaloids in 
optically active form is d ifficu lt, therefore an alternative strategy was 
considered. A series of cadaverine derivatives was prepared. It was
11
intended to use the plants in an attempt to produce analogues of their 
normal metabolites from the structurally modified biosynthetic precursors. 
A lternatively, there might be a build-up of analogues of intermediates 
in the biosynthetic pathway if certain enzyme reactions were inhibited. 
This approach (described in Chapter 3) su ffers from the generation of 
complex mixtures of analogues alongside the normal m etabolites. T ests  
on some of the cadaverine derivatives, however, showed some in terest­
ing biological activ ities. In addition, these diamines were assessed  as 
substrates for diamine oxidase (DAO) in separate projects supported by
S . E . R . C .  This work is d iscussed  in Chapter 6.
There is considerable in terest in the use of enzymes to 
resolve racemic mixtures of compounds and to produce optically active 
material from meso-compounds. Optically active interm ediates are
extrem ely valuable in the syn th esis of pharmaceuticals in their 
biologically active form. Investigations were carried out to a ssess  the 
suitability of lipase as a catalyst for transesterification of one enantiomer 
of racemic diamines and production of optically active material from 
m eso-diam ines. The resu lts of these studies are presented  in Chapter 
7.
CHAPTER TWO
BIOSYNTHESIS OF QUINOLIZIDINE ALKALOIDS
2.1 Introduction
The first rigorous radiotracer studies in natural product 
biosynthesis were performed more than th irty years ago. These studies  
served  as models for subsequent investigations which have led to the 
recognition of biosynthetic precursor-product relationships in many 
classes of compounds. Over the past two decades a number of non- 
degradative spectral methods have been introduced in conjunction with 
precursors enriched in stable isotopes which have had a great impact on 
the methodology for biosynthetic stu d ies. These new tools have 
assisted  in the identification of interm ediates which lie on route from 
precursors to products, and have given insigh t into the mechanism and 
stereochem istry of some steps in the transformation of these interm ediates. 
A number of important advances have occurred in the field of research  
into quinolizidine alkaloids. They will be review ed in this chapter.
2. 2 B iosynthesis of Lupinine
Lupinine (4) is the simplest quinolizidine alkaloid and, as such ,
has attracted a great deal of attention. Speculations concerning the
biosynthesis of lupinine were made more than fifty  years ago. In 1931 
30 31Schopf proposed ’ that lupinine was formed from two fragments 
derived from lysine i . e .  5-aminopentanal (19) A '-piperideine (20)]  
and glutardialdehyde (21) (Scheme 1 ) . ^ ’ ^
3CHO
'NH,
( 1 9 ) ( 2 0 )
CHO
NH
+ CHO 
( 2 1 )
CHO
OH
CHO
H f
( 4 )
NH
CHO
► CHO
Scheme 1
32He later abandoned this theory in favour of another, which involved
the intermediate amino dialdehyde (22) between lysine and lupinine. This
33postulation also found favour with Sir Robert Robinson (Scheme 2).
CHO
k
CHO
‘CHO
'NH,
CHO 
( 1 9 )  ( 2 1 )
OH
^Nv
( 4 )
CHO
CHO
35
CHO
r CHO
Scheme 2
14
Another proposal involved tetrahydroanabasine (23),  formed 
from two molecules of A '-p iperideine, as an intermediate (Scheme 3).
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In order to te st these theories, tracer experim ents were
carried out about th irty years ago. The first experim ents involved
14 14feeding DL- [ 2- C ]-lysin e  (24) and [1- C ]-cadaverine (25) to Lupinus
species 34.36
COpH
h 2 n- NH
<2 4 ) ( 2 5 )
•  = 1 4 C
Radioactivity from the labelled samples was indeed incorporated  
into lupinine, and chemical degradation of the labelled lupinine determined 
some of the sites of radioactive labelling. In both cases, the pattern of 
labelling was the same (Scheme 4).
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With either interm ediate, the hydroxym ethylene carbon, C - l l ,  accounted  
for approximately one quarter of the total activity present in the lupinine 
molecule. The two methylene carbons adjacent to n itrogen, C-4 and C-6,  
together accounted for one half of the total activ ity . It was presumed  
that each carbon, C-4 and C-6,  contained one quarter of the total 
a ctiv ity , and the other quarter of total activity was due to the bridge­
head carbon, C-10. These resu lts established that lupinine was formed
from ly sin e , and that cadaverine was also a good precursor.
13 2The advent of sophisticated C and H n .m. r .  spectroscopic  
techniq ues, opened out the hereto narrow v ista  of biosynthetic stu d ies. 
Reliance on the more tedious radiotracer work diminished, to be replaced  
by techniques employing stable isotopes. Stable isotopes have been used  
to probe two separate areas of research into the b iosynthesis of lupinine:
(i) the structure and symmetry of the intermediates on the 
biological pathway; and
(ii) the stereochem istry of the processes taking place on the 
pathw ay.
These two topics will be d iscussed  in turn .
(i) Structure and Symmetry of the Interm ediates on the B iosynthetic  
Pathway
The fundamental question in lupinine b iosynthesis was whether
the pathway was analogous to that of retronecine (26) ,  a pyrrolizidine
alkaloid. It was proposed by Sir Robert Robinson that the two
compounds arose in the same manner; retronecine from ornithine (27)
and putrescine (28) ,  and lupinine (4) from lysine and cadaverine, via
dimeric aminodials with C 2 V symmetry, C^-N-C^ and C^-N-C^,
33resp ective ly . These interm ediates could undergo an intramolecular 
Mannich reaction, to produce a pyrrolizidinealdehyde and quinolizidine- 
aldehyde resp ectively , which could then be reduced to retronecine (26) 
and lupinine (4) (Scheme 5).
The tracer experim ents, described earlier were, in fact, 
incapable of either confirming or disproving th is theory. They were,
non etheless, accepted in support of the postulation.
A further mechanism could give rise to the same radiotracer 
resu lts , which did not invoke the intermediacy of a "symmetrical dimeric" 
molecule -  th is was disregarded at the time. The two plausible rou tes,
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14presented  in Scheme 6, cannot be distinguished by feeding C-labelled  
su b stra tes. The two routes can be d istinguished by the mode of entry  
of an intact C-N unit from cadaverine. Route A proceeds through a 
symmetric dimeric molecule, which can yield  product in one of two 
equivalent ways. Route B, on the other hand, has no symmetric 
molecule as an interm ediate, and only one of the three C-N bonds 
rep resen ts an intact C-N bond derived from the precursor. Hence, by  
labelling the C-N bond in cadaverine the more likely route, A or B, can 
be determined. The labelling used was ^ C -^ N  -  since ^ N  has spin
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^/2, any atom with an adjacent appears as a doublet. Due to
13 13 15 13the natural abundance of C , a C- N doublet straddles the C
natural abundance signal.
13 15The C- N labelling experiment to lupinine was carried out
38 38by Golebiewski and Spenser and simultaneously by Rana and Robins.
15 13The latter group prepared [1-amino- N, 1- C ]-cadaverine dihydro­
chloride (29) by treatment of l-phthalim ido-4-brom obutane (30) with 
13 15K C N followed by catalytic hydrogenation and hydrolysis (Scheme 7)
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The prepared compound was pulse fed to eight Lupin us lute us p lants.
Lupinine was isolated and purified by column chromatography, a specific
13incorporation of 3.9% per C,- unit being noted. The C n . m. r .
spectrum showed four enriched carbons at C-4,  C-6,  C-10 and C - l l .
13 15Carbon atom C-6 showed am intense C-6, N doublet, indicating
13 15m tact incorporation of the C- N unit of the administered cadaverine
K1 3 C1 5 N
DMF
13C15N
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into C-6,  N of lupinine. Carbon atom C-4 did not show this intense  
doublet. Similar resu lts were obtained by Golebiewski and Spenser.
Hence th is result disproved the theory of the "symmetric 
dimer" intermediate of C  ^ symmetry. Lupinine biosynthesis proceeds, 
therefore, via a dissymmetric dimer intermediate.
This result contrasts with that obtained for retronecine (26)
40 41 13by groups led by Robins and Spenser. ’ After feeding [1- C,
151- N ] -  putrescine dihydrochloride to plants of the Senecio genus, 
retronecine was extracted  and purified. Two of the carbons adjacent 
to n itrogen , C-3 and C-5,  appeared as doublets straddling the natural 
abundance s in g le ts , with identical signal areas. In this case, the bio­
synthetic pathway does indeed include a symmetric dimeric intermediate 
with sYmmetry .
To verify  this resu lt Rana and Robins prepared N_-(5-amino-
14p en ty l) -1 , 5-diaminopentane (31) labelled with C in the terminal carbons 
(Scheme 8) .
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The triamine was pulse fed to nine L. luteus plants over 10 days.
After a further 10 days, the plants were harvested and the lupinine
was extracted . The lupinine was recrystallised  to a constant specific  
14C incorporation of 0.04%, suggesting  that the triamine is not on the 
biosynthetic pathway.
Rana and Robins have also performed experim ents employing
13 13 13 13 14C- C coupling in C n . m. r .  spectra. DL- [4,5-  C^, 6- C]~lysine
44(32) used in biosynthetic studies on the Lythraceae alkaloids and
45 46anabasine, was fed to' L. luteus plants. The n .m.r .
spectrum of the isolated lupinine revealed satellites around the six  high-
13 13field signals due to C- C couplings. The integration of the peaks
showed that four carbons were labelled to the same e x te n t, while the
13other two had approximately double the C incorporation. This result
'2
13 14is consistent with decarboxylation of the [4 ,5-  C9 , 6- C ]-lysin e  to
13 13produce cadaverine, which was then labelled [2 ,3-  C^] and [3 ,4-  C^].
D ifferent combinations give the overall labelling pattern , as shown in 
Scheme 9.
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13[1,2-  C^3-Cadaverine dihydrochloride (33) was prepared by Robins and
47Sheldrake by the method shown in Scheme 10.
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Cadaverine was chosen as the precursor because incorporations are
generally much higher than with lysin e . The substrate was fed to
L . luteus plants and after harvestin g , the lupinine was extracted and
13 1purified in the normal fashion. The C-{ H} n . m. r .  spectrum showed 
four pairs of doublets and no label at C-2 or C-8,  establishing the
labelling pattern shown in (34),
C H g O H
( 3 4 )
Again this result confirmed that lupinine is formed from two molecules 
of cadaverine.
(ii) Stereochem istry of the Processes in the Biosynthetic Pathway
On examination of the biosynthetic pathway to lupinine (4) ,  
several stereochemical questions arise. The likely route to lupinine 
is shown below , with the dissymmetric dimeric intermediate present 
(Scheme 11). In step ( c ) ,  the stereochem istry of the ring junction is 
determ ined. The stereochem istry of the process is inferred by 
referen ce to the known stereochem istry of the final product. This is 
relatively  simple. However, other steps e . g .  (b) involve the loss or 
gain of a proton from a prochiral centre. The stereochem istry of these  
step s was determined using chirally deuteriated precursors.
2
Richards and Spenser prepared (R)_ and ( S ) - [ l -  H]-
cadaverine dihydrochloride, (35) and (36) resp ectively , by the enzymic
48routes shown in Scheme 12. The enantiomeric cadaverines were fed
to L . luteus in the usual manner, and the lupinine was extracted  and
2
purified as before. The sites of deuteriation were determined by H 
n . m. r .  spectroscopy, since the assignm ents had already been published, 
th is was relatively easy . The labelling pattern discovered is shown in
2 4
Scheme 11
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2 . 2 R denotes H present after feeding (R)-[ . l -  H ]-cadaverine hydro-
2 2 chloride. S denotes H present after feeding (£>)-[l - H ]-cadaverine
dihydrochloride. The stereochem istry of the conversions which 
involve protons on carbon atoms next to the nitrogen and the carbon 
atom of the carbinol can be deduced from the data. In step ( b ) , the 
conversion of the diamine to the aminoaldehyde, it is the pro S proton 
which is lo st. This is the expected stereochem istry if the transform­
ation is catalyzed by a plant diamine oxidase or by an L-amino-acid 
tran sferase. The entry of the hydride in the reduction step of C=N or 
C=N, step ( e ) , takes place from the si face while the entry of the 
hydride in the reduction of the aldehyde, step ( f ) ,  occurs from the re 
face. The fact that both samples of lupinine show deuterium labelling 
with retention of configuration at C-6 verifies that the C-N bond at th is 
position remains intact. (Loss of N would be expected  to resu lt in 
loss of either or both of the adjacent protons as wel l ) .
Two questions concerning the decarboxylation of lysine to 
cadaverine, step (a) ,  have also been answered by using labelled  
p recu rsors. It was demonstrated by Golebiewski and Spenser that it 
is only the L-isomer of lysine that is a precursor of lupinine, using
3 14 ^
doubly H, C-labelled samples of lysine. A sample of L- [4-  H]-
lysine with DL-[6-  ^C]-lysine (^H/^C ratio 4 .1  ± 0.1) was administered
to L. lu te u s . The lupinine thus produced had a ^H/^C ratio of
8 .4  ± 0.1,  which corresponds to L -lysine being the precursor. 35
The same workers proved furthermore that the decarboxyl­
ation of L -lysine proceeds with retention of configuration. When
2DL- [ 2- H]—lysine was fed to L. luteus the labelling pattern obtained
2
was identical to that obtained after feeding ( S ) - [  1- H ]-cadaverine (36).
Hence the L -lysine enters lupinine via ( S ) - [ l -  H ]-cadaverine, and thus
the replacement of the carboxyl group by a proton must take place with
retention of configuration (Scheme 13). This is in agreement with the
48known stereochem istry of other amino-acid decarboxylases. The 
stereochem ical resu lts were confirmed by Robins and co-w orkers.
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13 2In conclusion, the use of stable isotopes with C and H n . m. r .  
spectroscopy have provided information about the b iosynthesis of 
lupinine far beyond that which was possible using radioactive tracer 
methods.
2. 3 The B iosynthesis of Sparteine and Lupanine-Tetracyclic
Quinolizidine Alkaloids
(i) Regiochemistry of B iosynthesis
Schiitte and co-workers carried out the first tracer experi­
ments on the bisquinolizidine lupine alkaloids, such as sparteine (5) 
and lupanine ( 6 ) . ^  Their resu lts, after feeding [ 2 -^ C ]-ly s in e ,  
substantiated the view of Sir Robert Robinson that the alkaloids
33originated from three chains derived from lysine or cadaverine, 
and that the nitrogen atoms in the alkaloids also derived from these  
precursors (Scheme 14). This route did not account for mechanism or 
stereochem istry.
NH2 NH,
.NH, nh2 h2n
HpN + 2
NH.
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In 1976, Spenser put forward an hypothesis for the conversion  
of cadaverine into the alkaloids which accounted for their stereo­
c h e m is tr y .^  This hypothesis viewed the lupin alkaloids as
modified trimers of A'-piperideine (20) formed from cadaverine by 
oxidative deamination or by transamination. The trimer is isotripiperi- 
deine, and the a ll-trans (63,  7a, 113, 176) stereoisomer (38) is 
favoured (Scheme 15).
a resu lt of the involvement of the favoured a ll-trans stereoisomer of
isotripiperideine (38) in a four step sequence (Scheme 16). The
stereochem istry of the ’prealkaloid' trimer (39) at three s ite s , C-6,  C-7,
and C-9,  is determined by the stereochem istry of the trimer of A'-
piperideine from which it originated. The stereochem istry at C - l l
however is determined by the course of ring closure, that is whether
the intramolecular attack at C - l l  is on the re or si face. Golebiewski
14 14and Spenser tested  this hypothesis by feeding [2 - C ]- and [6- C ]-
A '-piperideine, (40)and (41) ,  resp ectively , by the wick method to 
Lupin us angustifolius plants.
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The stereochem istry of the alkaloids was postulated to be
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The lupanine was isolated after 3 days and degradation studies were
carried out on the material. The observed pattern of labelling is
consistent with the alkaloids being derived from A'-piperideine via
isotrip iperideine. Carbon-2 of A'-piperideine supplies C-17,  C - l l  and
by in ference, C-6 of lupanine, while carbon-6 of A'-piperideine supplies
51C-2,  C-15 and again, by inference, C-10 of lupanine (42).
In 1979, Wink and co-workers proposed a different b iosyn­
thetic route, based on resu lts from cell suspension cultures of 
52L. p o lyp h yllu s. A crude enzyme preparation from these cultures 
catalyzed the pyruvate-dependent conversion of cadaverine into the 
tetracyclic lupin alkaloids, the first product always being 17-oxo- 
sparteine (43) .  If the Spenser hypothesis is correct, free molecules 
of 5-aminopentanal and its  cyclised products, e . g .  A'-piperideine and 
tetrahydroanabasine should be expected in GC-MS analysis -  no free 
interm ediates were observed , however.
transaminating system , known as " 17-oxosparteine synthase", catalyzed  
the formation of 17-oxosparteine (43) from three cadaverine units 
without the release of any free intermediates (Scheme 17).
Wink and Hartmann postulated that a cadaverine-pyruvate
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Their model mechanism was designed to account for the resu lts of both 
the in vivo tracer experim ents and the enzymatic stu d ies. A co-enzyme 
of pyridoxal phosphate with 17-oxosparteine synthase was invoked to 
account for the four transamination steps involved in the overall - 
reaction. Furthermore, a separate amino group is required for the 
interm ediates to bind to until the final product is released . Scheme 18 
shows the mechanism proposed.
The enzymatic synthesis is initiated when the cadaverine binds 
to the pyridoxal phosphate (Scheme 18/2); the imine thus formed is 
then transferred  to the carrier amino group (Scheme 18/3).  The next 
step s involve transamination of pyr<Jv$.te~ , transamination
of the second cadaverine unit and condensation of the cadaverine units 
by Schiffs base formation (Scheme 18/3-7) .  Steps 8-10 lead, by 
cyclisation , to the quinolizidine ring system , involving tautomerism and 
Mannich reaction with formation of a reactive carbonium ion at C-7.
After condensation of the third cadaverine unit the cyclisation of the 
tetracyclic system occurs, involving a similar mechanism as before.
After a double bond sh ift, 17-oxospartine (43) is released , by 
h yd rolysis . Lupinine (4) could be obtained by this mechanism by 
terminating the process after step 10. The resu lts from Spenser's  
feeding of A'-piperideine were explained by the conversion of A'- 
piperideine (20) to its  open-chain form 5-amino-pentanal (19) which can 
then bind to the enzyme.
In order to determine which C-N bonds remain intact in the
formation of tetracyclic quinolizidine alkaloids from cadaverine,
53 54 55Golebiewski and Spenser, and Rana and Robins, ’ separately fed
15 13[1-amino- N, 1- C ]-cadaverine to plants which produce sparteine (5) 
and lupanine (6) .  The resu lts were the same for both sets of workers;
the six  carbon atoms adjacent to the two nitrogen atoms were enriched
13 14in C, confirming the C tracer work. However, only two of the
six  carbon atoms adjacent to nitrogen in sparteine and lupanine, namely
13C-2 and C-15,  showed C n . m. r .  spectral signals with intense doublets 
13 15due to C- N coupling (Scheme 19). These observations were 
consistent with both the piperideine-trim er and the Wink proposals.
Some faults with the Wink hypothesis were found following the 
completion of studies concerning the stereochem istry of the p rocesses.
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(ii) Stereochem istry of B iosynthesis
A number of questions about the stereochem istry of the
biosynthetic sequence arise on examination of the alkaloids. The
stereochem istry of four chiral centres is determined by two steps
[Scheme 20, (b) and (d)]  and can be ascertained by reference to the
known chirality of the final products at C-6,  C-7,  C-9 and C - l l .
Other s tep s, as in the lupinine (4) case, require additional experim ents
using enantiomeric ally deuteriated substrates to unlock the hidden
stereochem istry.
Golebiewski and S p e n s e r , a n d  Fraser and Robins'^ ^  fed  
2
(R)-  and ( S ) — [ 1— H ]-cadaverines to plants producing sparteine and 
2
lupanine. The H n . m. r .  spectra were assigned from published data 
with the resu lts shown below in (44) and (45).
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The labelling patterns reveal the stereochem istry of each of the 
biosynthetic steps that involve prochiral sites adjacent to nitrogen.
As is the case in the formation of lupinine, cadaverine is converted into 
the aminoaldehyde with loss of the pro S proton from C - l .  Again, the 
entry of hydride in the reduction of C=N bonds occurs from the C -re  
face [step s (e) and (f )]  as in lupinine. In step (c) ,  it is the pro R 
proton, from the carbon atom which becomes C-10, which is lost.
The resu lts from these experiments not only establish  the 
stereochem istry of the biosynthetic steps of the pathway; they also 
provide essentia l evidence against the feasibility of some proposed  
th eor ies.
Since both lupanine (6) and sparteine (5) retain deuterium  
from R - [ l - H ] - c a d a v e r i n e  at the 17a position, with an enrichment similar 
to positions 11a and 63, 17-oxosparteine cannot be a precursor of 
lupanine or sparteine. The pathway proposed by Wink, and d iscussed  
earlier, is thus invalidated at least in the later stages.
Furthermore, since the samples retain deuterium from (S) -  
[1- H ]-cadaverine at 10a, a suggestion by Spenser that 10-oxosparteine
4 0
may be an intermediate is also not correct.
It was su ggested  that sparteine originates by reduction of 
lupanine, or by reduction of the 1, 2-dehydrospartenium ion. Since
deuterium is retained by sparteine at both 2a and 26 positions from
2 2 ( R ) - [ l -  H]-cadaverine and ( S ) - [ l -  H]-cadaverine resp ectively , these
proposals are disproved.
The A'-piperideine trimer route for the b iosynthesis of sparteine
and lupanine, however, remains consistent with all the evidence so far.
R ecently, Golebiewski and Spenser proposed a new biogenetic
14model, based on observations after feeding D L -[6- C ]-lysin e and
14 59[6- C ]-A '-piperideine to L. angu stifo liu s. The lupanine extracted
showed a higher level of incorporation into one of the segm ents, while
levels in the other two Cj. units were identical. The distribution of label
was established by chemical degradations of lupanine (46) .  For the 
14D L -[6- C ]-lysine feed , one quarter of the total activ ity  of the alkaloid 
was located at each of C-15 and C - l l ,  so that the C^N unit, N-16,  C-15,  
- 1 4 , - 13 , - 1 2 , - 1 1  accounted for half the activity within the lupanine molecule. 
The other half of the activity was spread over the rest of the molecule,
C-2 and C-17,  with each containing one eighth of the total activ ity , C-6 
and C-10 presumably containing the other two eigh th s.
12*1  25±1
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This distribution of label cannot arise if three CcN monomers simultaneouslyb
form a trimer on their way to lupanine. In such a scenario, equal d istri- 
14bution of C label would be expected in all three C^N segm ents. One of 
the three identical C^N un its, that which becomes the C^N moiety N-16,  
C- 15 , -14 , -1 3 , - 1 2 , - 1 1  of the alkaloids, must experience less endogenous 
carrier dilution than the other two units on route to the product.
Golebiewski and Spenser proposed a modifed biosynthetic model, 
which is consistent with the new findings and also accommodates the earlier 
resu lts (Scheme 21). The two key intermediates are the A'-piperideine 
dimer, tetrahydroanabasine (23) and the bisquinolizidine derivative 1,10; 
1 6 ,17-didehydrosparteinium ion (47).  Stage A of the new route is 
identical to steps on the route to lupinine, d iscussed  earlier.
The intermediate steps of the route, from tetrahydroanabasine 
(23) to didehydrosparteinium ion (47) are possible by two different routes 
which vary in the timing of the loss of nitrogen from the Cj-N precursor  
unit that becomes the central C^N chain, C - 1 0 , - 9 , - 8 , - 7 , - 1 7  of the 
bisquinolizidine skeleton. In Variant I , nitrogen is eliminated from the 
^10^2 tctradrydroanabasine-derived interm ediate, which also serves as a 
building block for lupinine. After nitrogen loss the intermediate 
condenses with another C^N unit, to form eventually the didehydro­
sparteinium ion (47).
Variant II involves a modified A'-piperideine trimer and implies 
lo ss  of nitrogen at a later stage. Both variants predict that the two C^ 
chains ( C - 2 , - 3 , - 4 , - 5 , - 6  and C - 10 , - 9 , - 8 , - 7 , - 1 7 )  are derived from tetra­
hydroanabasine (23) ,  which is the dimer of A '-piperideine. Hence the
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four carbon atoms C -2 ,-6 ,-1 0  and -17 of lupanine and sparteine should
14 14be equally enriched in C when C -lysine is fed . In addition, the 
chain C -1 1 ,-1 2 ,-1 3 ,-1 4 ,-1 5  originates from a third A'-piperideine 
unit that condenses with the previously formed C^q intermediate in a 
la ter , separate step . Since the pool sizes of the and C,- inter­
mediates are not necessarily  the same in the intact plant, conditions in 
a labelling experiment may be such that the delivery of the chain 
C -1 1 ,-1 2 ,-1 3 , -14 , -15 is of a different dilution to that of the C^q unit 
C -2 , - 3 , - 4 , - 5 , - 6 ; C -1 0 ,-9 ,-8 ,-7 ,-1 7 . In stage C, the alkaloids are 
formed from the 1,10; 1 6 ,17-didehydrosparteinium ion (47).
According to Golebiewski and Spenser, th is hypothesis opens 
the door to new investigations: nevertheless the fundamental issu e of
whether or not A'-piperideine is a direct intermediate of the quinolizi- 
dine alkaloids is not yet resolved.
14R ecently, Perrey and Wink administered C -labelled A'- 
piperideine and ot-tripiperideine (38), as well as cadaverine, to leaf 
discs of L. polyphy 11 u s , in short term experim ents of 12-16 hour 
duration. ^  The cadaverine was incorporated in good y ields into 
lupanine, but A'-piperideine and tripiperideine were incorporated  
between 7 and 60 times less  than cadaverine. The resu lts su ggest that 
although th ese  latter compounds are incorporated to a certain degree, 
they are not direct intermediates of lupanine and sparteine.
It is evident from the preceding discussion that th is area of 
research is still the subject of much controversial debate.
2. 4 B iosynthesis of Pyridone Quinolizidine Alkaloids
Cho and Martin studied the b iosynthesis of T her mop sis 
14alkaloids from i1 1  order to determine the chronology of appearance
14of C in a mixture of quinolizidine alkaloids, and thus to gain an
lupanine ( 6 ) appeared as the earliest, m ost-rapidly formed alkaloid, 
reaching a maximal specific activity between 2 to 4 hours and then  
decreasing, while the other alkaloids were increasing in activ ity . This 
is consistent with a rapid turnover or transformation into the other 
alkaloids. The observed chronological order of formation of the 
alkaloids is shown in Scheme 22.
insigh t into the origin of the pyridone a lk a lo id s .^  They found that
Lupanine ( 6 )
5 , 6 -Dehydrolupanine (48)
Anagyrine ( 8 )^
1 n 'Thermospine (49)
Rhomb if oline ^
1
Cytisine (7)
1
N -M ethylcytisine (50) Scheme 22
4 6
They proposed that the pyridone bases are derived from
6 2lupanine via 5 , 6 -dehydrolupanine (48). R ecently, the absolute
6  3configuration of 5 , 6 -dehydrolupanine has been determined showing
that it is  the same as that of (-)-lupan in e ( 6 ) and (-)-an agyrin e  ( 8 ) .
These findings make it more plausible that (48) is the biosynthetic
intermediate between ( 6 ) and ( 8 ) .  Also, 6  (3- hydroxy lupanine (51) has
been isolated by Asres and co-w orkers, and may be an intermediate
4between lupanine and 5 , 6 -dehydrolupanine.
( 5 1 )
0
Evidence produced from stereochemical studies on the pyridone
alkaloids is ,  however, in conflict with some of these proposals.
Lupanine ( 6 ) and angustifoline (9) are both found in L. polyphyllus
providing circumstantial evidence that it is ring D of a tetracyclic
precursor that is cleaved to yield the tricyclic alkaloid, and that ring A
is oxid ised  to the lactam. Feeding experim ents with (R )- and (S )-  
2 56[1- H ]-cadaverines gave the labelling patterns shown below supporting  
the theory [(52) and (5 3 )].
Al
S
( 5 2 )
R
R
S0
( 5 3 )
By analogy, it was suggested  that ring D is cleaved and ring
A becomes a pyridone to form the tricyclic alkaloid, N-methyl cytisine
(5 0 ). However, when plants of Baptisia au stra lis , which produce
( +)-sparteine (5 ) , ( - ) -N -m ethylcytisine (50) and (- )-c y tis in e  (7) were
2
fed  with (R )- and ( S ) - [ l -  H]-cad averin e , the labelling patterns
57observed  (54) and (55) conflicted with this proposal.
R
S
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If (+ )-sparteine and (-)-N -m eth ylcytisine are derived from the same
tetracyclic precursor, then ring A must be degraded and ring D must
be converted into a pyridone to produce the observed signals at C-10
and C -13. The label at C - l l  of (-)-N -m eth ylcytisin e (50) derived
from the (R )-precursor is retained on cleavage of ring A, but its
stereochem istry is inverted . This can be explained by invoking a
C -11,N -12 immonium ion intermediate which is reduced stereospecifically
2
from the re-fa ce . Because the N-methyl group has no H labels it 
cannot be derived from C-2 of a tetracyclic precursor. It has been  
demonstrated that (-)-N -m eth ylcytisin e (50) is formed from (- )-c y tis in e
(7) by an N -m ethyltransferase enzyme, thus supporting this finding.
2
Robins and Sheldrake fed [ 2 , 2 , 4 , 4 -  H^]-cadaverine (56) and
2 65[3 , 3-  H ^]-cadaverine (57) to Baptisia au stra lis . The cadaverines were
syn th esised  as shown in Scheme 23.
Each precursor was fed to B. austra lis , and the alkaloids
( +)-sparteine (4) ,  (- ) -c y tis in e  (7) and (-)-N -m eth ylcytisin e (50) were
separated by column chromatography. The labelling patterns observed
are shown below .
2
[2 ,2 ,  4 ,4-  H -cadaverine feed
o
5 0
2
[3 ,3-  H,J-cadaverine feed
D
0
2
The presence of the H labels in the pyridone ring of ( - ) - N -
m ethylcytisine shows that there are no keto or enol intermediates
involved in the formation of the pyridone at these carbon atoms. The 
2
absence of H labels at C-7 and C-9 in both ( + )-sparteine and ( - ) - N -
m ethylcytisine su g gests  that enamine-imine (or immonium ion) equilibria
2are involved in the biosynthetic pathways to remove H from these  
p o sitio n s.
Obviously there is much work still to be done if we are to 
comprehend fully the way in which pyridone alkaloids are b iosynthesised , 
and their relationship to the tetracyclic alkaloids. Some of th is 
research  is described in Chapter 3.
2. 5 Enzymology of the B iosynthesis of Quinolizidine Alkaloids
The enzymatic approach used by Zenk, Stockigt, Reuffer and
co-w orkers on the b iosynthesis of indole and isoquinoline alkaloids has
66been very  su ccessfu l, due to the improvement of biochemical techniques 
and the availability of suitable experimental system s, such as plant cell 
suspension cu ltu res. Wink and co-workers have studied the enzymology
of quinolizidine alkaloid b iosynthesis in plants and cell cultures since 
1976.67
The enzyme lysine decarboxylase (LD), which converts lysine
into cadaverine, has been found in lupin cell cultures and intact 
68 69plants. ’ It is localized in the stroma of chloroplasts, where quinol­
izidine alkaloid biosynthesis takes place.
Another enzym e, oxosparteine synthase (OS),  has been isolated
70 71from leaf chloroplasts of L. polyphyllus. * This enzyme directly
converts three units of cadaverine into the tetracyclic alkaloid 17-oxo- 
72sparteine (43) .  Since no free intermediates could be directed, an 
enzyme model with bound intermediates was postulated for the b iosynthesis  
and has been d iscussed  earlier. However, resu lts of tracer studies 
performed in vivo by the groups of Robins and Spenser disprove the 
involvem ent of 17-oxosparteine as an intermediate. There are two 
plausible explanations for th is discrepancy:
(i) The enzyme system s in suspension-culture cells and intact 
plants are different.
(ii) A number of enzyme activities were present in the cell-free  
extracts because the enzyme was difficult to purify .
Another enzyme may, therefore, have oxidised an intermediate, 
such as 1 , 1 0 ; 1 6 ,17-didehydrosparteinium ion (47) to 17-oxo­
sparteine (43).
The product of the oxosparteine synthase reaction and the 
reaction mechanism are still under study by Wink. The fact that the 
enzym e, now called oxosparteine synthase e x is ts , however, remains 
undisputed .
Lysine decarboxylase and oxosparteine synthase show similar 
a ctiv ity , have similar partial solubilities and Km values, and operate 
b est at an alkaline pH. Since free cadaverine is virtually undetectable 
in v iv o , the two enzymes must work in a highly co-ordinated manner.
A number of additional enzymes have been isolated and 
characterised including a tigloyl-C oA : 13-hydroxy lupanine O -tigloyl 
transferase (THT) which catalyzes the esterification of 13-hydroxy -  
lupanine with tiglic acid and an S-adenosyimethionine: cytisine N-m ethyl- 
transferase (SAM: ACT) . ^
As experimental techniques improve, the enzymatic approach 
will expand and, hopefully, provide conclusive evidence for the actual 
route of the b iosynthesis of quinolizidine alkaloids.
2 . 6  The Use of Precursor Analogues in Biosynthetic Studies
It has been recognised for many years that analogues of 
precursors can be used to study biosynthetic pathways. Living system s 
may or may not be able to convert the modified precursor into an 
analogue of the product, giving valuable insight into the enzyme 
p rocesses occurring in the system . In some cases the metabolism may 
be changed dramatically, and abnormal growth or even death of the cells 
may occur. These processes can be represented in a diagrammatic form 
(Scheme 24).
A' -----►B'------► C' D '------------ - Z'I
E» Scheme 24
A structurally modified form (A1) of a well-defined precursor  
(A) can be used to construct an analogue (Z1) of the final product (Z).  
Occasionally a biosynthetic step can be retarded e . g .  formation of D’ , 
which may lead to the accumulation of C1 or, alternatively, the system  
may employ another pathway to produce an intermediate E '. These 
p ossib ilities are best clarified by means of some examples.
The fundamental feature of an analogue of a known precursor  
is the replacement of an atom or group, often hydrogen, by a detectable 
label. The label must have similar properties to the atom it is replacing 
e . g .  Van der Waals radius. Table 1 shows various replacements for
hydrogen and their radii.
Atom or Group ■ Van der Waals 
o
Radius (A)
C-X Bond Energy 
(kJ /mole)
H 1 . 2 0 416
F 1.35 485
Cl 1.80 327
Br 1.95 285
c h 3 2 . 0 0 256
Table 1
A range of morphine analogues have been isolated from
75Papaver somniferum after feeding codeine derivatives. Examples of
th is are the synth esis of l-bromomorphine (62a) and morphine methyl 
ether (62b) (Scheme 25).
< 6 2 a )  R1 = B r ,  R2 = H 
( 6 2 b )  R1 = H ,  R2 =CH3 
S c h e m e  2 5
Administration of 1, 3-dimethyl-1-pyrrolinium chloride to 
Nicotiana glutinosa resulted in the production of an unnatural alkaloid, 
3'-m ethylnicotine (63) (Scheme ( 2 6 ) . ^
CH
Cl < 6 3 )CH
Scheme 26
The vast majority of analogue work, however, has made use
77
of fluorine as the replacement for hydrogen. It has several 
properties su ited  to this purpose:
55
(i) Its Van der Waals radius is comparable to that of hydrogen  
and so steric interactions with enzymes should be similar.
(ii) It forms a strong bond with carbon, and should not, 
therefore, be readily displaced.
(iii) It is not common in living organisms and can thus be easily
19observed by the sensitive technique of F n . m. r .  spectro­
scopy.
N everth eless, fluorine is strongly electronegative and if attached to a
reaction centre is a moderately good leaving group. It also alters the
reaction rates due to its inductive electron-withdrawing effect if in the
vicin ity  of the reaction centre. C-F bonds increase lipophilicity and
the CF^ group is one of the most lipophilic groups known. This
increases the compound's solubility in fa ts, an important consideration  
78in drug design .
The first work on fluorinated compounds in biological system s
was concerned with fluoroacetic acid (64),  which was isolated by Marais
79
in 1943 from a South African plant Dichapetalum cym osun. This
compound proved to be extremely toxic to cattle, and studies were
80 81initiated by Peters and Martius.
In biological system s, fluoroacetic acid (64) mimics acetic acid 
so well it can intrude into the tricarboxylic acid cycle (citric acid cycle) 
When it is ingested  it combines with oxalylacetic acid (65) to give 
d-fluorocitric acid ( 6 6 ) (Scheme 27).
COoH
( 6 4 )
H OOCC H COoH
F
HO
COOH
-COOH 
'  COOH
( 6 6 )
S c h e me  27
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COOH
-COOH
COOH
( 6 7 )
The next step in the metabolic cycle would be dehydration to aconitic 
acid (67) but the fluorine atom drastically reduces this p rocess. The 
fluorocitric acid binds irreversibly to the enzyme, and the metabolism 
is b locked. Thus the organism has performed a "lethal synthesis" -  
the incorporated fluoroacetic acid is converted in vivo into an anti­
metabolite which blocks the vital tricarboxylic acid cycle.
Once the principle of "antimetabolite formation by introduction  
of fluorine" had been recognised, applications to chemotherapy were
sought. H eidelberger, Duschinsky and co-workers prepared 5-fluoro-
82uracil ( 6 8 ) and its  derivatives. 5-Fluorouracil was found to be 
incorporated in place of uracil into RNA of bacterial and mammalijil cells 
as well as that of v iruses causing mutagenesis, transcription errors and 
other d efec ts . In Bacillus subtilis, it is converted into 5-fluorouridine
07
(69) ,  in Brevibacterium ammoniagenes into 5-fluorouridylic acid (70) and 
in Streptom yces cacaoi (var.  asoen sis) into 5-fluoropolyoxins (71) 
(Scheme 28).^^
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58
More im portantly, it was shown that 5-fluorouracil blocks the 
syn th esis of thymidylic acid and so thymine is no longer available; 
the resu lting  consequences are that replication of DNA can no longer 
continue, and cell-division is impossible. By this mechanism the 
inhibitory effect of 5-fluorouracil on tumour growth is explained. This 
is another example of "lethal synthesis".
Several simple aromatic compounds containing fluorine have 
been incorporated into analogues of natural products. Some details of 
th ese compounds sire given below.
4-Fluorophenylthioacetic acid (72) was used to produce the
84side-chain  of a new penicillin (Scheme 29).
0
COoH
( 7 2 )
C HS
C H
3
3
S c he me  29
A Pseudomonas species transformed o-fluorobenzoic acid (73) into 
3-fluo rocatechol (74) and 2 -fluoromuconic acid (75) (Scheme 30).
85
c o 2 h
( 7 3 )
OH
( 7 4 )  
Scheme 30
OH C O o H
C O o H
( 7 5 )
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Benzoic acid is converted into catechol via intermediate 
hydroxylated compounds, as shown in Scheme 31. m-Fluoro- and p- 
fluorobenzoic acids were also converted into the intermediate analogues 
(76) and (77 ) . 8 6
C O o H  
I *
HO
Scheme 31
Many studies have been carried out with fluoro amino-acids 
and m icro-organism s. [3- 4 4 C]-pyFluorophenylalanine (78)  was converted  
into [ 2 - 1 4 C ]- 4 ,-fluorochrysin (79)  by Scuttellaria galericulata (Scheme 
3 2 ) . 87
(78)
Scheme 32
F
S .  g a l e r i c u l a t a
COpH
(79)
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Tryptophan is a precursor for the pyrrolnitrins (80) and (81) 
in Pseudomonas aureofaciens, and the analogue 6 -fluorotryptophan was 
metabolised to the fluoropyrrolnitrin (82) (Scheme 33) . 8 8
,NHCl
<80)H
Cl
,NHCl
(81)
P .a u r e o fa c  i ens
<82)
Scheme 33
In the same way, 6 -trifluoromethyltryptophan (83) was
converted into the analogue (84),  which had not been chlorinated in the
88benzene ring (Scheme 34).
NH
NH
<8 4 )
( 8 3 )
Scheme 34
As a final example of aberrant biosynthesis using fluorine,
5-fluoronicotinic acid (85) was metabolised into the 5-fluoro analogues 
of nicotine ( 8 6 ) and anabasine (87) by Nicotiana tabacum and N. glauca 
resp ectively  (Scheme 3 5 ) . ^ ’ ^
CH
N. tabacum
( 8 6 )
( 8 5 ) N. g 1auca
( 8 7 )
Scheme 35
In summary, analogues of natural products have been  
metabolised by a wide variety of biological system s. The formation of 
unnatural products in vivo has been useful in the preparation of 
analogues and the study of the metabolism and interrelationships of 
biologically active natural products.
The use of labelled molecules to elucidate more details of the  
biosyn th esis of quinolizidine alkaloids is detailed in Chapter 3. The 
syn th esis  of analogues of a known precursor (cadaverine) and their  
effect upon plants which produce quinolizidine alkaloids is also 
described in Chapter 3.
CHAPTER THREE 
INVESTIGATIONS INTO THE BIOSYNTHESIS OF
QUINOLIZIDINE ALKALOIDS
f
3.1 Introduction
The majority of the biosynthetic studies upon the quinolizidine 
alkaloids reported to d ate , have been concerned with lupinine (4) ,  
and the saturated bisquinolizidines, sparteine (5) and lupanine ( 6 ) . A 
little work has been carried out on the pyridone alkaloids N-methyl-  
cytisin e (50) and cytisine (7).
In th is chapter, studies on matrine (11) and the pyridone 
alkaloid anagyrine ( 8 ) are detailed. Both these compounds are known 
to have cadaverine as a precursor and thus a series of specifically  
labelled cadaverines were synthesised  by known routes. These  
precursors were fed to plants which produce the alkaloids, and the 
products of metabolism were analysed.
Analogues of cadaverine which contain methyl groups or a 
fluorine atom in place of hydrogen atoms were prepared. These  
compounds were fed to plants producing quinolizidine alkaloids and a 
study was made of their metabolism by the p lan ts .
3. 2 B iosynthesis of Matrine
A few biosynthetic investigations have been performed on 
matrine. Schiitte and co-workers fed [ 1 ,5 - 1 4 C ]cadaverine and 
[ 2 - 1 4 C] lysin e  to Sophora tetraptera and found that both were incor-
6 3
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porated. The matrine sample extracted from the plants was chemically 
degraded, and the labelling pattern ( 8 8 ) was deduced from the 
degradations carried out.
<8 8 )
Synthetic in terest in matrine has been generated as a result of its  known
92significant anti ulcer activity. Matrine was first syn th esised , in
93racemic form, by Mandell and co-workers in 1965, albeit in low yield .
R ecently , Chen and co-workers reported a stereoselective syn th esis in 
94reasonable yield; the same group also carried out a stereochemical
95
and structural analysis of matrine using n.m.r .  spectroscopy.
Following on from this work, it was decided to undertake a 
study of the biochemical processes involved in matrine b io sy n th esis , 
by preparing labelled cadaverines and feeding them to Sophora 
m icrophylla, a matrine-producing plant. Incorporation and time study  
experim ents on S . microphylla are discussed at the end of this chapter.
2
3.2 .1  S yn th esis of H-Labelled Cadaverines
All of the cadaverines used in the experiments were synth e-
65 ^sised  by known rou tes. The dihydrochloride of [ 2 , 2 , 4 , 4 -^ H ^ -
cadaverine (56) was prepared as shown in Scheme 23 (Chapter 2 ).
2[ 2 , 2 , 4 , 4 -  H^] Glutaronitrile was prepared by exchanging the orprotons
of glutaronitrile with deuterium oxide in the presence of a base, DBU.
2
The dihydrochloride of [ 2 , 2 , 4 , 4 -  H4] cadaverine (56) was formed by
2reduction of [ 2 , 2 , 4 , 4 -  H^] glutaronitrile, followed by acidification. 
Inspection of the n . m. r .  spectrum and the mass spectrum of this
material indicated that the cadaverine (56) produced by this method
2 2 contained over 92% of sp ecies. [3 ,3-  H^Jcadaverine (57) was
sy n th esised  as the dihydrochloride salt from diethyl malonate. After
exchanging the orprotons with deuterium oxide in the presence of
2
triethylam ine, the d ie th y l[ 2 , 2 -  I^jmalonate was reduced using lithium
aluminium hydride. Mesylation of the diol was carried out using
m ethanesulphonyl chloride and triethylamine followed by displacement
2by cyanide ion of the mesyl groups. The [3,3-  1 ^ ]glutaronitrile 
thus produced was reduced to the corresponding cadaverine and 
acidification yielded [3 ,3-  t^Jcadaverine dihydrochloride (57) (Scheme 
23). [ 3 , 3 - 2 H9] Gadaverine dihydrochloride (57) was shown to have a
u
2  1  H content of 98% by H n . m. r .  and mass spectroscopy.
With a view to establishing the stereochem istry of some of
the enzymic processes involved in the biosynthesis of m atrine, the
2
stereospecifically  monodeuteriated (R)-  and ( S ) - [ l -  H ]cadaverines
48
[ ( 3 5 ) and (36) respectively] were synthesised  by known routes.
6 3
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2The enantiomeric (R)-  and (S) — [ 1 — H]cadaverine dihydrochlorides were 
prepared by enzymatic decarboxylation of L-lysine in 2 H2 0 ,  and of the 
L-component of D L -[2- H^]lysine in ^H2 0 ,  resp ectively , using L-lysine  
decarboxylase (Scheme 12, Chapter 2). The 2H content of each  
cadaverine sample was estimated by analysing the H n .m.r .  spectrum  
and mass spectrum of the dihydrochlorides, and was found to be ca. 90 
and 85%, resp ectively .
2
Samples of (R)-  and (S ) - [2 -  H]cadaverine dihydrochlorides 
(89) and (90) ,  resp ectively , were kindly donated by Dr. G.N. Sheldrake, 
who syn th esised  them by the route shown in Scheme 36.
2
3.2 .2  Feeding of H-Labelled Cadaverines to S. microphylla
A measured quantity of each of the cadaverine dihydrochlorides
14was mixed with a known quantity of a radioactive tracer, [1 ,5-  C]-
cadaverine dihydrochloride. The mixture thus formed was fed to a
batch of w ell-established Sophora microphylla plants by the wick method.
Each experim ent consisted of approximately 8  p lants, and each precursor
was adm inistered over a period of 10-14 days. Ten to fourteen days
after completion of feed ing, the plants were macerated, and the total
alkaloid content was isolated. The extract contained not only matrine
(11) ,  but also anagyrine ( 8 ) ,  N-m ethylcytisine (50) and cytisine (7) .
The resu lts  from these latter alkaloids will be d iscussed  later in this
chapter. The alkaloids were separated using Kieselgel 60 F 2 g 4  0.25 mm
thick preparative t . l . c .  p lates, matrine having an Rf value of 0.88.
After isolation of matrine, the specific incorporations of cadaverine were
14determined by scintillation counting. Specific C incorporations per
C 5  unit for a cadaverine molecule are calculated from
Molar A ctivity of Product x i
  ------------------------------------------—  x  100%
Molar Activity of Precursor
Table 2 shows the C specific incorporation per unit for 
each precursor.
Table 2
Precursor Quantity Fed 
(mg)
Amount of Matrine 
Isolated  
(mg)
% C Specific 
In c orp or ation 
In Matrine
(35) 2 0 0 18 2.59
(36) 2 0 0 26 3.21
(89) 325 40 2 . 6 6
(90) 215 2 0 2.16
(56) 2 0 0 42 2.33
(57) 1 2 0 13 4.14
2
In previous experiments with H-labelled samples of quinolizi-
2  1dine alkaloids, the H-{ H} n .m.r .  spectra in chloroform or benzene at 
room temperature contained very broad signals. It was discovered, 
how ever, that an increase in temperature to 60°C resulted  in a narrow­
ing of the signals: henceforth spectra were taken at th is elevated
tem perature. The spectra quoted below were all recorded at 60°C.
68
2
A sample of matrine derived from [ 2 , 2 , 4 , 4 -  H^]cadaverine
2  1dihydrochloride (56) displayed six  peaks in the H-{ H} n . m. r .
spectrum , run in benzene, at 6  2.29,  2.02,  1.47,  1.33, 1.01 and 0.87
2
p . p . m.  (Fig.  1),  corresponding to matrine with H labels at 14B, 14a,
9533, 93, 9a and 1 2 a, respectively (from the published data).
1  2  Position H n.m.r .  data H n .m.r .  data
^ 6 ^ 6  ^ found in benzene
143 2.37 2.29
14a 2.06 2 . 0 2
33 1.50 1.47
93 1.33 1.33
9a 1.03 1 . 0 1
1 2 a 0.82 0.87
This corresponds to the labelling pattern shown in (91).
( 9 1 )
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Figure 1 . 55*28MHz spectrum of matrine in benzene
at 60°G:
7 0
P rocesses are therefore occurring in the biosynthetic pathway to remove
specifically the deuterium labels at 1 2 3  and 3 a; and to remove the
bridgehead labels at C-5 and C-7.
The deuterium n.m.r .  spectra produced after feeding (R)-  
2and ( S ) — [ 2— HJcadaverines complement this result -  three signals appear
in each spectrum . Since these spectra were run in chloroform (due to
solubility problem s), they must be correlated with the ^H-^H COSY
spectrum of matrine run in chloroform (Fig. 2). Although not fully
characterized , enough connections are available to locate the positions
2in question . The correlations indicate that the (R) - [2-  H]cadaverine 
produced a sample of matrine with signals at 6  2.23,  2.07 and 1.64
p . p . m . ,  corresponding to positions 14a, 93 and 33 of matrine. The
2 . 2  ( S ) - [ 2 -  H ]cadaverine feed gave a matrine H n .m.r .  spectrum with
peaks at 6  2.57,  1.82 and 1.51 p . p . m . ,  corresponding to positions
143, 9a and 12a of matrine. This labelling pattern is shown in (92).
( 9 2 )
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F igure 2 ,
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The deuterium atoms are retained where no enzymic processes
involving proton removal have been taking place. This leads to the
2 2 appearance of H at 93 and 14a from (R )-[2 -  H]cadaverine and at 9a,
12a, and 143 from the (S )-p recu rso r . All the bridgehead deuteria are
lo st , invoking equilibria (enamine-imine tautomerism) which remove them. 
2
No bridgehead H were observed in cytisine or N-m ethylcytisine after
2
they had been fed with (R )- and (S ) - [2 -  HJcadaverines in earlier 
biosynthetic work carried out by Robins and Sheldrake (see Chapter 2). 
The two deuterium atoms from C-12 and C-3 are also lost possibly due 
to tautomerism occurring in the biosynthetic pathway. However, 
the^atom *£ retained with inversion of stereochem istry. No explan­
ation for th is finding is yet available.
2
The H n . m. r .  spectrum of matrine obtained after feeding  
[ 3 , 3 - cadaverine shows six  peaks at 6 1.94,  1.87,  1.76,  1.75,  1.64 
and 1.45 p . p . m . ,  consistent with matrine labelled at 43, 13a, 83* 8a, 
133 and 4a, as shown in (93).
14'
15 13
12
1117
D
102
( 9 3 )
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All the deuterium atoms are retained, therefore enzymic processes  
involving proton removal and replacement do not occur at these  
p osition s,
2
The H n . m. r .  spectra of matrine resulting from the (R)~
2and (S ) — [ 1— H]cadaverine dihydrochloride feeds are much le ss  clear. 
Small signals in the sample derived from the (R )-precursor run in 
chloroform at 6 3.24,  2.80 and 2.01 p . p .m.  are consistent with
positions 173, 103 and 2a of matrine being labelled (by comparison
1 1  2 with the K- H COSY spectrum ). The H n.m.r .  spectrum of matrine
from the (S )-precu rsor  feed , which was run both in benzene and in
chloroform, contains one deuterium signal, appearing at 6 1.65 p . p . m.
in benzene and at 6 1.99 p . p .m.  in chloroform. This peak (by
comparison with published data) corresponds to position 10a of matrine.
The proposed labelling pattern is shown in (94).
°
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Due to the weak nature of the s ig n a ls , the experim ents were
repeated in May 1989. However, specific incorporations were lower
and th is was reflected  in poorer H n .m.r .  spectra of matrine. In
order to achieve better resu lts further studies must be carried out to
obtain samples of matrine with higher enrichments of deuterium.
The data obtained establishes certain facts regarding the
2
biosynthetic pathway to matrine. Since H atoms appear at 103 after
feeding the (R )-precursor and at 10a from the (S )-p recu rso r , the C-N
bond in cadaverine must remain intact in the formation of the N - l ,
C-10 bond of matrine. All the deuterium atoms which would appear at
bridgeheads are lost. It is the p ro -S hydrogen atoms that are removed
from carbon atoms destined to become C-2 and C-17 of matrine. Both 
2
of the H at C-2 and C-17 are retained with retention of stereochem istry. 
This implies that attack by a hydride donor on an intermediate N - l ,
C-10 iminium ion occurs from the C -si face of the intermediate and from 
the C -si face on an intermediate N -16, C-17 iminium ion.
3 .2 .3  Synthesis and Feeding of a ~^3C-^3N Doubly-Labelled  
Cadaverine to Sophora microphylla
The labelling patterns in several quinolizidine alkaloids derived  
from [l-a m in o -15N , 1 -13C] cadaverine (29) have been established by 13C 
n . m . r .  spectroscopy (see  Chapter 2). It was decided to use this 
labelled cadaverine to establish the complete labelling pattern in matrine, 
and to show which C-N bonds from cadaverine remain intact during the 
biosynthetic pathway.
15 13[1-amino- N, 1- C]Cadaverine (29) was synth esised  by a
known route involving treatment of l-phthalimido-4-bromobutane with 
15 13potassium [ N , C] cyanide followed by catalytic hydrogenation and
removal of the protecting group by hydrolysis (Chapter 2, Scheme 7 ) . ^
The cadaverine dihydrochloride was pulse fed with [ 1,5-  ^ C ] cadaverine
dihydrochloride to five small S. microphylla plants over four days and
after a further five days the plants were harvested . The quinolizi-
dine alkaloids were isolated in the usual way. A total incorporation of
2.7% was achieved , and 70 mg of alkaloids were extracted. The
alkaloids were separated using preparative t . l . c .  plates run in
CHC£3:MeOH:NH3 (85:14:1).
13 1In the C-{ H} n .m.r .  spectrum of matrine taken in CDC&3> 
some anagyrine was p resen t, making the spectrum rather more compli­
cated . On close inspection of the matrine signals, no enrichment of 
13the C peaks was apparent, neither were any doublets flanking natural
13 1abundance signals v isib le. Similarly, the C-{ H} n . m. r .  spectrum of
13anagyrine showed no detectable enrichment of the C peaks or doublets.
The poor spectra sire probably due to dilution of labelled  
alkaloid with endogenous unlabelled material. In order to establish  
the labelling pattern , the experiment must be repeated , in the hope of 
achieving a better specific incorporation and thus obtaining more clearly  
defined spectra.
3.2 .4  A Possible B iosynthesis of Matrine
A plausible biosynthesis of matrine must take into account the 
resu lts  of the feeding experiments with the deuterium -labelled  
cadaverin es. A lso , the postulated route should incorporate earlier
resu lts  from other w orkers, including Spenser and Wink. Such a 
biosynthetic pathway is presented in Scheme 37.
In the b iosyn th esis , two piperideine m oieties, derived from 
cadaverine, couple to form tetrahydroanabasine. Tetrahydroanabasine 
is cleaved oxidatively and ring closure produces a lupinine-type  
precu rsor. This key intermediate combines with a third piperideine  
moiety to generate the matrine skeleton.
2
The biosynthetic pathway is illustrated for [ 2 , 2 , 4 , 4 -  H^]- 
cadaverine in Scheme 37(a).  Deuterium is lost specifically in the 
enamine-imine tautomerism occurring in piperideine from the position  
which becomes 3a in matrine. Both the deuterium atoms destined to 
become bridgehead hydrogens are lo st, probably at the lupinine in ter­
mediate s tage,  where imine-enamine tautomerism can occur. Deuterium  
is  also lost from the position which becomes 1 2 3  of matrine, presumably 
due to enamine-imine tautomerism. However, the inversion of 
stereochem istry of the two deuterium atoms retained at C-3a and C-123
is  d ifficult to explain. The su ggested  pathway is consistent with the
2observed labelling pattern for matrine after feeding [ 2 , 2 , 4 , 4 -  
cadaverin e.
The biosynthetic pathway illustrating the fate of the (R)-  and 
( S ) - [ 1 - 2H ]cadaverines is shown in Scheme 37(b).  It is  the pro-S
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hydrogen that is lost and the pro-R hydrogen that is retained when 
cadaverine is oxidised. Both deuterium labels destined to become 
bridgehead hydrogens are lost. The deuterium atom destined to 
become 6a is probably lost during the oxidation-reduction processes  
taking place at the lupinine intermediate stage since one proposed in ter­
mediate has a double bond at C-6 ,7  of matrine. The deuterium label 
at C - l l  of matrine must be lost towards the end of the biosynthetic  
pathway -  loss of bridgehead atoms is not uncommon in the b iosynthesis  
of quinolizidine alkaloids. The proposed pathway is ,  therefore,
consisten t with the labelling patterns observed after feeding (R)-  and 
2
( S ) - [ l -  H ]cadaverines.
3. 3 The B iosynthesis of Anagyrine
Anagyrine (8) has been found in several species of Lupinus 
and Genista and has been isolated from gorse. Its absolute configur­
ation was determined by Okudo by relating anagyrine to ( +)-epilupinine.
An early syn th esis of anagyrine was achieved from arpicoline (95) by
98Van Tamelen and Baran.
97
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No biosynthetic experim ents have been carried out on anagyrine. 
It was, th erefore, felt necessary to undertake some studies of the  
b iosynthesis of anagyrine. The alkaloid b iosynthesis was studied in
Anagyris foetida, where it is the major product (N -m ethylcytisine is  the
other alkaloid produ ced).
Samples of (R)-  and ( S ) - [ 1 - 2H]- ,  (R) -  and ( S ) - [ 2 - 2H]~
cadaverines were prepared as dihydrochlorides as previously described.
14Each precursor was fed alongside a C-labelled cadaverine to eight 
A . foetida plants by the wick method of feeding. Feeding was carried  
out over a period of 12 d a y s , then the plants were left for a further  
12 days before they were harvested . The alkaloidal mixture was 
extracted  in the usual way,  and separation of the alkaloids was accom­
plished using preparative t . l . c .  p lates. The plates were developed in 
chloroform /m ethanol/cone. ammonia (85:14:1) and the scrapings were 
eluted with methanol and a few drops of ammonia. Incorporation levels
for the precursors into the alkaloids were determined by scintillation
14counting. Table 3 details the C specific incorporation per unit 
for each precursor.
Table 3
Precursor Quantity Fed 
(mg)
Amount of Anagyrine 
(mg)
% C Specific 
Incorporation  
per Cg unit
(35) 191 368 0.79
(36) 211 230 1.39
(89) 217 112 1.18
(90) 198 326 1.00
^2
Table 4
Assignm ents for Anagyrine
■^H n . m . r .  spectrum , CDC&^j 298K, ref." CHCil^ <5 7.25 p.p.m,
6 /p . p . m.  Position
0.90 146
0.92 126
ca. 1.23 136
c a . 1.35 14a
1.43 8 p ro-R
c a . 1.65 12a
ca. 1.65 13a
1.77 8 p ro -S
1.91 9
2.23 176
c a . 2.39 15a
ca. 2.48 156
2.65 11
2.74 7
3.15 17a
3.64 10a
3.82 106
5.75 5
6.17 3
7.03 4
8j
Table 5
Assignment of Signals for Anagyrine 
■^ C n . m . r . ,  298K, ref.  CDCil^ at $ 77.0 p.p.m,
6 /p . p . m.  Carbon Atom
18.5 14
2 0 . 2  8
21.9 12
25.0 13
32.0 9
34.9 7
51.0 10
52.3 17
53.8 15
62.6 11
104.0 5
115.8 3
138.2 4
151.6 6
162.9 2
&4
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Since no proton assignments were available for anagyrine, it 
was necessary  to perform some n .m.r .  2D correlation stud ies. These 
stud ies were carried out by Dr. D. Rycroft of the Chemistry Department 
at Glasgow U niversity . Tables 4 and 5 detail the provisional assign ­
ments -  stud ies are still in progress, in order to confirm the assignm ents.
2The anagyrine derived from ( R ) - [ l -  H ]cadaverine contained
three peaks in the deuterium n . m. r .  spectrum , at 6 4.02,  2.79 and
2.63 p . p . m . ,  corresponding to anagyrine with deuterium labels at 103,
2
11 and 15a (Fig.  3). The H n . m. r .  spectrum of anagyrine produced  
2
from ( S ) - [ l -  H]cadaverine had signals at 6 2.67 and 2.41 p . p . m . ,
corresponding to positions 153 and 173 (Fig. 4). The composite
2
labelling pattern for anagyrine after feeding (R)~ and ( S ) - [ l -  H]-  
cadaverines is shown below in (96).
<96)
2
Earlier feeding experim ents with (R)~ and ( S ) - [ l -  H]-  
cadaverines to Baptisia australis produced the labelling patterns (54) 
and (55) for (+ )-spartein e and (-)-N -m eth ylcytisin e .
F igure 3 and F igu re 4* 55*28 MHz 2H- f  H} spectrum  of anagyrine
in  chloroform  a t  60°C ,
(a )  sample of anagyrine d er iv ed  from
c a d a v e r in e ;
(b ) sample of anagyrine d er iv ed  from ( $ ) - [ j
c a d a v e r in e .
2*5 pipm.
F igure 3
T
F igure 4
( 5 4 ) ( 5 5 )
As stated  in Chapter 2, if the two molecules are derived from 
the same tetracyclic precursor, then ring A must be cleaved and ring
D oxid ised  to the pyridone to produce the observed signals at C-10 and
2
C-13 of N -m ethylcytisine. The H label of C - l l  of Nymethylcytisine,
2derived from ( R ) - [ l -  H]cadaverine is retained on cleavage of ring A, 
but its  stereochem istry is inverted . This can be explained by invoking 
a C - l l ,  N-12 immonium ion intermediate which is reduced stereospecific- 
ally from the re-face .
When the anagyrine labelling pattern is  compared with those 
of (+ )-sp artein e and N -m ethylcytisine, it is clear that ring D must be 
converted  to the pyridone ring if anagyrine is derived from the same 
tetracyclic precursor. However, in that case , the configuration of the 
proton on C-6 of anagyrine is opposite to that in sparteine. This 
feature is difficult to explain , since no iso-sparteine (with C-6B 
configuration) has ever been isolated in A . foetida, only (+ )-sparteine.
A possib le explanation is that one of the steps in the biological pathway 
to the two alkaloids, anagyrine and N -m ethylcytisine, involves an immonium
ion intermediate (97) ,  held on the enzyme surface.
+
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This intermediate could be reprotonated from the re-face to give
anagyrine with the correct stereochem istry, or could be oxidised
followed by cleavage of ring A to produce N -m ethylcytisine. It is
highly un likely, however, that an enzyme would reprotonate (97) with
2
the deuterium atom abstracted. Integration of the peaks in the H
n . m . r .  shows that th is signal is of similar enrichment to the other peaks.
More work is necessary  if the pathway is to be elucidated further.
The signals in the spectra of anagyrine derived from (R)-  
2
and ( S ) - [ 2 -  HJcadaverine were very weak. The natural abundance 
peaks could be observed in the spectra. The spectrum from anagyrine 
fed with ( R) - [2 -  H]cadaverine showed three small peaks at 6 5.97,
1.64 and 1.20 p . p . m . ,  corresponding to positions 5, 123 and 14a.
The H n . m . r .  spectrum of anagyrine derived from the (S )-precu rsor  
contained signals at 6 6.41,  1.85 and 1.16 p . p . m . ,  corresponding to 
deuterium labels at positions 3, 12a and 148. The composite labelling 
pattern is shown below (98).
( 9 8 )
It is the pro-R proton that is retained at the carbon atom 
which becomes C-5 in anagyrine, and it is the p ro-S, proton that is 
retained at the C-3 position in the formation of the pyridone ring.
The stereochem istry of various enzymic processes in the 
b iosynthesis of anagyrine have now been established, but more work is 
required to establish  the complete biological pathway to anagyrine.
3 .4 B iosynthesis of Cytisine and N-M ethylcytisine
Information was gained regarding the biosynthetic pathway to 
cytisine (7) and N-m ethylcytisine (50) while studying the quinolizidine 
alkaloids matrine (11) and anagyrine (8) in Sophora microphylla and 
A nagyris foetid a .
2
After feeding (R)-  and ( S ) — [ 1— H]cadaverine dihydrochlorides 
[(35) and (36) respectively] to S . microphylla, the alkaloidal mixture 
was extracted  and separated using preparative t . l . c .  p la tes. C ytisine  
and N -m ethylcytisine were isolated along with matrine and anagyrine. 
Similarly, feeding the cadaverine precursors to A . foetida plants gave 
labelling patterns not only for anagyrine but also for N -m ethylcytisine.
91
2
The H n . m. r .  spectrum of N -m ethylcytisine, run in chloroform, 
2derived from ( R ) - [ l -  Hjcadaverine showed two deuterium signals at 
6 4.01 and 2.83 p . p . m.  corresponding to N-m ethylcytisine with deuterium  
labels at positions 10$ and 11$. The deuterium spectrum of N-m ethyl- 
cytisine obtained after feeding the (S )-precursor contained one peak at 
6 2.79 p . p . m.  corresponding to position 13$. The composite labelling  
pattern obtained is shown in (55),  confirming the labelling pattern  
obtained from previous experim ents.
R 0
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S
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2
The H n . m. r .  spectrum of cytisine obtained after feeding
2
( R ) - [ l -  H ]cadaverine to S. microphylla contained two peaks at 5 4.11 
and 3.10 p . p . m . ,  corresponding to cytisine with deuterium labels at 
positions 10$ and 11$. The spectrum produced after feeding the 
(S )-p recu rsor  shows a signal at 6 3.00 p . p . m . ,  corresponding to 
position 13$. The composite labelling pattern is shown in (99).
R
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Again, these resu lts are in agreement with those obtained from previous 
experim ents.
3. 5 The B iosynthesis of Lupinine and Sparteine
Many of the investigations into the b iosynthesis of lupinine (4)
and sparteine (5) have already been d iscussed  in Chapter Two.
2D ifficulties in the interpretation of the H n . m. r .  spectrum of lupinine
2
arose after Robins and Sheldrake fed (R)_ and (S ) — [2— Hjcadaverine
dihydrochlorides (89) and (90) to L. luteus plants. The positions
2corresponding to the H signals could not be determined. An experiment
was d ev ised , therefore, to ascertain which deuterium atoms were retained
in the production of lupinine. This was carried out by preparing the 
13 2precursor [1 ,5-  C^; 2 , 2 , 4 , 4 -  H^jcadaverine dihydrochloride (100) ,  in
13which the C -enriched positions are beta to deuterium atoms, and will
13 2be sh ifted  in the C n.m.r .  spectrum of the isolated lupinine, if H is
13retained adjacent to the C .
The cadaverine precursor was syn th esised  as shown in Scheme
38.
P ropane-1 ,3 -diol was treated with triethylamine and methane- 
sulphonyl chloride to afford propane-1 ,3-diol dime thane sulphonate (101)
in 72% y ie ld . Displacement of the me thane sulphonate group of (101) by
13 13sodium[ C jcyanide was achieved in 63% yield  to produce [1 ,5-  ^2^~
glutaronitrile (102).  Exchange of the protons by deuterium was
accomplished using 2.2 molar equivalents of DBU. A 38% chemical yield
and a 90% deuterium exchange were achieved. Employing le ss  molar
93
M s C l N a 1 3 CN
( 1 0 2 )
OH E t 0 N UsO QMs onso N C
( 1 0 1 )
13, 13,
h 2 n
NH
( 1 )  BH3 . T H F
2 <-
D o 0 D 
2 H C 1
< 2 )  H C I / M e O H CN
( 1 0 3 )
( 1 0 0 ) Scheme 38
equivalents had resulted  in higher chemical y ie ld s, but unacceptable
deuterium exchanges -  0.53 equivalents of DBU afforded the product in
64% chemical y ie ld , 78% deuterium exchange, while one equivalent of
DBU resu lted  in 50% chemical yield and 85% deuterium exchange in the
13product. Diborane reduction of [1 ,5-  C^l glutaronitrile (103),  gave 
the final product (100) in 37% yield .
The cadaverine precursor (100) was fed to 8 L. luteus plants 
with a spike of ^ C -labelled  cadaverine (1.6 iiCi) using the xylem  
pricking method. Administration of the compound in this way involves  
placing droplets of solution at nodes or on the stem of the plant, and 
piercing the plant through the droplet. The solution is then taken up
by the plant through the xylem v esse ls . The plants were fed over a
period of one week,  and were harvested after a further period of two 
w eeks. The alkaloidal material was extracted , and a specific incorpor­
ation of 7.7% was achieved. The crude alkaloidal mixture was separated  
on a basic alumina column to yield lupinine (4) and sparteine (5) .  The
13
C n . m . r .  spectrum obtained for sparteine is shown in Fig.  5, and 
Fig.  6 illustrates an expansion of the lower field peaks. The peaks at 
66.45,  66.36,  56.44 and 55.70 p.  p.m.  have two up field doublets, 
corresponding to carbon atoms 11, 6, 2 and 15, while the signals at 
66.20 and 55.81 p . p . m.  appear as sin g lets, corresponding to carbon 
atoms 10 and 17. The sparteine spectrum was recorded as its  dihydro­
chloride. The labelling pattern is shown in (104).
D
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The observed doublets correspond to a $-isotopic shift for C atoms
with one deuterium and with two deuteriums beta, with the splitting  
13 13being due to C- C coupling through the nitrogen atom e . g . C-2 with 
C-6 etc.  The biosynthetic pathway involves loss of the bridgehead  
deuterium labels, as observed in anagyrina» K -nathylcytiain# and cytiaina*
95
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The lupinine example is a more complicated one. The 13C 
n . m . r .  spectrum of lupinine hydrochloride (Fig.  7) consists of a mixture 
of the cis and trans isomers (106) and (105),  respectively .
OH
H Cl
OH
<1 0 5 ) ( 1 0 6 )
There are four signals which appear as doublets, corresponding to C-10 
and C-6 in both the cis and trans forms. The peaks corresponding to 
carbons 4 and 11 do not appear as doublets. The C - l l  signals are 
sharp s in g le ts , indicating there are no deuterium atoms beta to the 
carbon atom, while the C-4 peaks are broad signals, perhaps showing 
the presence of a single deuterium. The presence of a single deuterium  
would be consistent with the biosynthetic pathway proposed for matrine 
(11) ,  d iscu ssed  earlier. In order to clarify this spectrum, the salt was 
basified  and the spectrum of free lupinine was recorded. This is shown 
in Fig.  7Cai),and the expansions in Fig. 8. Carbon atom C - l l  appears as 
a singlet and thus confirms that there is  no deuterium present at the 
C -l position of lupinine. This is a similar pattern to that of sparteine 
for the C-17 position, although the spectrum is not so well defined. 
Furtherm ore, the labelling pattern in lupinine is consistent with there
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13 13being two deuterium atoms attached to C-10, with C- C coupling 
occurring between C-10 and C -6, through nitrogen. Unfortunately in 
the spectrum of free lupinine, the signals for C-4 and C-6 are at the 
same sh ift value. The peaks observed here therefore are the combination 
of the signals from these two carbon atoms. There appears to be two 
deuterium atoms associated with the normal carbon signal. Whether both 
the carbon atoms are attached to one deuterium is uncertain. By 
reference to both spectra, that of the hydrochloride salt and that of the 
free b ase , it is reasonable to propose the labelling pattern shown below 
in (107).
OH
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3.6 B iosynthesis of Analogues of Quinolizidine Alkaloids
Many research workers have found it desirable to study the 
b iosynthesis of a natural product using a precursor analogue, as 
described in Chapter 2. It was decided to prepare two analogues of 
cadaverine and feed them to plants producing quinolizidine alkaloids in 
order to study the fate of unnatural precursors.
3 ,3-Dimethylcadaverine dihydrochloride (108) was syn th esised  
by the route shown in Scheme 39.
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Mesylation of 2, 2-dim ethylpropane-l, 3-diol in 9 2 % followed by
displacement of the mesyl groups by sodium cyanide afforded the
v/leJd-
dinitrile (109) in 43%a The displacement step was troublesome; the
S^2 reaction was slow due to steric hindrance. A diborane reduction
produced the diamine, and acidification gave 3 ,3-dim ethylcadaverine
14dihydrochloride (108) in 64% yield . C-Labelled 3 ,3-dim ethylcadaverine
14dihydrochloride was prepared in analogous fashion using sodium C~
cyanide in the displacement reaction.
14Samples of C -labelled 3, 3-dim ethylcadaverine were fed with
3
H -labelled cadaverine dihydrochloride in order to compare the incorpor­
ation level of the unnatural precursor with that of the natural one. 
3H-Labelled cadaverine (110) was prepared by decarboxylation of 
[4 ,5 -  H ]lysine monohydrochloride by lysine decarboxylase enzyme in 
w ater, at 37°C (Scheme 40).
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14 3The C- and H-labelled cadaverines were fed to five species -
Baptisia a u stra lis , Sophora microphylla, Anagyris foetida, Lupinus 
lu teus and Lupinus polyp hyllu s. Two plants from each species were used  
in each experim ent. The wick method of feeding was employed for 
S . m icrophylla, A . foetida and B . australis while L. lu teus and 
L. polyphyllus were fed by the xylem pricking method. The precursors  
were fed over 2 days and harvested a week later. The alkaloidal 
mixture was extracted in the usual w ay, and incorporation levels  
determined by scintillation counting. The incorporation levels attained  
are detailed in Table 6. The incorporation levels show that the unnatural 
precursor was incorporated 50-100% as well as the cadaverine. The 
high est incorporations were achieved with L. lu teu s , A . foetida and 
S . microphylla p lan ts. It was, therefore, decided to bu lk-feed
3 ,3-dim ethylcadaverine to L. luteus and S. microphylla p lants, extract 
the resu lting alkaloid mixture and hopefully isolate new analogues of 
quinolizidine alkaloids.
Table 6
Plant
3
H Total Incorporation 
(Cadaverine)
Q .
0
14C Total Incorporation  
(3, 3-Dimethyl-  ^
cadaverine) 0
L. lu teus 7.36 3.38
L. polyphyllus 2.09 2.03
A . foetida 8.17 4.10
S . microphylla 14.01 7.55
B . australis 1.22 1.31
A measured amount of 3 ,3-dimethylcadaverine dihydrochloride 
(109) was mixed with a known quantity of radioactive 3 ,3-dimethyl­
cadaverine. The mixture was fed to eight S. microphylla plants and 
to 16 L . lu teu s plants. The plants were fed over a period of 10 days 
then left for a further 14 days before harvesting . The plants were then  
macerated, and the alkaloids extracted using the normal procedure.
Total incorporation levels of 1.8% for S. microphylla and of 1.8% for 
L. lu teus were observed . Analysis of the alkaloidal material by t . l . c .  
revealed that both samples were complex m ixtures. Radioscans of the 
two m ixtures were recorded and revealed that radio-activity was spread  
over the p la tes, with little increased concentration observed on portions 
corresponding to alkaloids. Separation of the complex mixtures of 
alkaloids would be extrem ely d ifficu lt, so investigations into the 
manufacture of quinolizidine alkaloids using th is precursor were not 
continued.
1-5
A second cadaverine analogue was prepared for studying
quinolizidine alkaloid biosynthesis -  3-fluorocadaverine dihydrochloride
(111). This compound was chosen because the presence of F in meta-
19bolites should be easy to observe by F n .m .r . spectroscopy. Scheme 
41 shows the chosen route to the compound.
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Scheme 41
D iethyl 3-hydroxyglutar ate (112) was fluorinated using
diethylaminosulphur trifluoride (DAST). The resulting fluorodiester
was reduced with DIBAL to 3-fluoropentane-l, 5-diol (113). The
"Golding" reaction was then performed on the fluoro-diol -  the substrate
was d issolved  in THF and hydrazoic acid, di-isopropylazodicarboxylate
and an excess of triphenylphosphine was added. After the reaction
mixture was heated for 4h, dilute acid was added to produce hydrolysis
and work-up yielded 3-fluorocadaverine dihydrochloride (111). The
19precursor was analysed by F n .m .r . spectroscopy, and a peak at 
-184 .5  p .p .m . was noted.
106
3-Fluorocadaverine dihydrochloride (48 mg) was fed alongside
3
H-labelled cadaverine dihydrochloride to eight L. luteus p lants. The 
cadaverine was administered to the plants over 6 days, at which point 
the plants looked sick -  stems were drooping and some of the leaves had 
turned brown. The feeding was therefore stopped. The plants were 
harvested  seven days after termination of feeding. The alkaloidal 
mixture was isolated in the usual manner, and a total incorporation of 
5.94% was noted. T . l .c .  analysis of the extract showed two large spots 
at Rf 0.10 and 0.28 corresponding to sparteine and lupinine, plus two 
small spots at Rf 0.48 and 0.55, possibly corresponding to analogues of 
the alkaloids. No peaks were observed in the fluorine n .m .r . spectrum  
of the ex tract, however. This su ggests  that although the cadaverine 
was being* metabolised by the plant, the 3-fluorocadaverine was not 
converted  into quinolizidine alkaloids. The unnatural precursor may not 
have been metabolised at all by the plant, or it may have blocked the 
biosynthetic pathway at a certain stage in the route -  th is remains 
unclear. A gain, no definite conclusions can be drawn from the resu lts  
of the feeding experim ent.
Future experim ents using cadaverine analogues should  
incorporate the following fea tu res:-
(i) A label on the cadaverine which is  easy to id en tify , such as 
fluorine. The methyl group of 3 ,3-dimethylcadaverine could not be 
noticed in the spectra of the alkaloid extracts.
(ii) An easy route to the corresponding radiolabelled precursor  
is desirab le, so that a valid incorporation level can be recorded.
(iii) Plants with simple alkaloidal mixtures should be employed to 
reduce the number of possible alkaloid analogues.
(iv) Symmetrical precursors should be used at first; again to 
lessen  the number of possible products.
If all of the above suggestions were utilised , there would be 
good prospects of producing quinolizidine alkaloid analogues.
3. 7 Physiological Experiments
It was felt necessary to carry out some background experi­
ments on the plants used to produce the quinolizidine alkaloids matrine
(11), anagyrine (8 ) , N-m ethylcytisine (50), cytisine (7 ) , lupinine (4)
£
and spartpne (5 ) . These will be described in tu rn :-
3
3 .7 .1  Incorporation of H-Labelled Cadaverine in Comparison 
14with C-Labelled Cadaverine
14It is possible to "spike" an analogue feed with either C- 
or ^H-labelled cadaverines, and both methods are used commonly. It 
was decided to compare the incorporation of the two radioactive
3
precursors so that a comparison could be made at any time. [2 ,3 -  H ]- 
Cadaverine dihydrochloride (110) was prepared by decarboxylation of 
[4 ,5 -  H ]lysine monohydrochloride with lysine decarboxylase (Scheme 40). 
Similarly, 14C -labelled cadaverine was syn th esised  by decarboxylation of 
■^C-labelled lysine with lysine decarboxylase.
3 14The cadaverines prepared were fed in a H: C ratio of 15:1 
to three plant species -  L. lu teu s , S . microphylla and A. foetida,
one plant of each species being used each time. The compound was 
fed at one administration, and after a further 13 days the plants were 
macerated and the alkaloids were extracted. The crude alkaloidal 
mixtures were submitted for scintillation counting and the resu lts are 
shown in Table 7.
Table 7
Plant Total 3C 
Incorporation
14Total C 
Incorporation
3 14 New H: C
Ratio
S. microphylla 2.69 4.19 9.6:1
L . lu teus 10.00 12.35 12.3:1
A . foetida 20.68 33.22 9.4:1
The crude mixtures were separated by preparative t . l . c .  on 
silica p la tes. Samples of the individual alkaloids were then analysed, 
and the new ratio calculated for each compound. The resu lts are shown 
in Table 8.
Table 8
i
Plant Alkaloid New Ratio of 
3H: 14C
Matrine 11.0:1
Anagyrine 10.2:1
S . microphylla N -m ethylcytisine 7 .7:1
Cytisine 5 .7:1
A . foetida Anagyrine 9.3:1
N-m ethylcytisine 8.0:1
L . lu teu s Lupinine 9.4:1
Sparteine 5:1
3The resu lts  indicate that the H-labelled cadaverine is le ss  well
14incorporated than the C -precursor -  that is , some tritium is lost in 
the biosynthetic pathway to the alkaloids. On inspection of the JH- 
labelled precursor (110), it was seen that the tritium label could easily
T
2HC1
be lost if imine-enamine tautomerisms operate on the route to the 
alkaloids. The amount of tritium lost will depend on the number of 
times th is equilibrium operates in the pathway, and will also be depend­
ent upon the stereochem istry of the tritium atom when the tautomerisation 
occu rs. Isotope effects may also be important.
This experim ent, therefore, enables both types of radiolabel 
to be used  with easy comparison of incorporation.
3 .7 .2  Incorporation and Time Study with S. microphylla
In most biosynthetic experim ents, the plants are fed over a 
period of 10-14 days and harvested after a further 10-14 days. Since 
little  work had been carried out on S . microphylla p lants, it was 
considered useful to study the incorporations of the precursor after 
various time in tervals.
Six plants were wick fed with [2, 3-^H]cadaverine dihydro­
chloride (110) and left for 1, 2, 4, 8, 16 and 32 days before harvest­
ing and extracting the alkaloids in the usual fashion. The incorporat­
ions measured are shown in Table 9.
Table 9
Number of Days 
Before Harvesting
Total Incorporation 
(%)
1 2.81
2 2.48
4 1.98
8 1.78
16 4.67
32 1.55
The resu lts  reflect the alkaloid turnover taking place in the plants.
As cadaverine is metabolised to alkaloids, the incorporation in creases, 
reaching a maximum after about two weeks. The incorporation falls 
again as the radioactive alkaloids are broken down and the radioactivity  
is  d issipated . A similar pattern was observed by Wink. It is  clear 
from the resu lts  that the optimum incorporation occurs after around 
two weeks: th is corresponds to the best time to harvest the plants
after feed ing.
CHAPTER FOUR
BIOSYNTHESIS OF AMMODENDRINE
4.1 Introduction
Ammodendrine (16) has been found as a minor alkaloid along-
Cadaverine is a precursor for ammodendrine and investigations into its
ated into both rings of the compound.
Studies of the b iosynthesis of ammodendrine have been made
in cell-free  extracts by Wink and Witte. They found that when
cadaverine was incubated with cell-free extracts of Lupinus ar bore us
and Pisum sativum and p yruvate, ammodendrine was formed. In a
2
similar experim ent employing ( R ) - [ l -  H ]cadaverine, ammodendrine was 
again formed, but its  molecular ion was two units h igher. In these  
experim ents, other products, namely smipine (114), tetrahydroanabasine  
(23) and tripiperideine (115) were also formed.
99side quinolizidine alkaloids in 28 plant species.
( 1 6 )
14 2metabolism showed that C- and H-labelled cadaverines were incorpor-
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The biosynthesis of the alkaloids is thought to occur via the 
oxidation of cadaverine to 5-aminopentanal (19), which is  in equilibrium  
with A p ip e r id e in e . This step is probably catalysed by diamine
oxidase. Under physiological conditions, spontaneous dimerization to 
tetrahydroanabasine (23) or trimerization to or tripip erideine (115) can 
occu r, thus explaining the presence of these two compounds in the cell- 
free extracts (Scheme 42).
Acetylation of N - l  to form ammodendrine may be catalysed by 
pyruvate dehydrogenase, since acetyl-CoA is  not present in the reaction  
m ixtures. Smipine may also be formed from tetrahydroanabasine by  
hydrolysis of the imine, followed by an unusual r»arrang»iD»n,k Scheme 43)
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S c h e m e  42
R e a r r a n g e m e n  t
Smipine was found to be optically inactive, probably as a result of
enamine-imine tautomerism.
It was decided to extend these studies by feeding enantio-
merically labelled cadaverines and, analysing the products to find out if
the processes involved in the biosynthesis of ammodendrine are stereo-
2
sp ecific . The cadaverines used were (R)~ and ( S ) — [ 1— H ]cadaverine, 
prepared as previously described. The deuterium content was estimated  
to be ca. 90% for the (R )- and ca. 85% for the (S )-[l-^ H ]cad averin e. 
This work was performed under the supervision of Professor M. Wink at 
Munich U niversity in June 1988, and the GC-MS data were collected at 
Braunsweig U niversity by Dr. L. Witte.
4. 2 Investigations into the B iosynthesis of Ammodendrine
2
Ammodendrine was biosynthesised from (R )- and ( S ) - [ l -  H ]- 
cadaverines using four different system s:-
(i) Complete leaf and petiole of L. polyphyllus
(ii) Leaf d iscs of 1 mm width from L. polyp hyllus plants
(iii) Two different DAO enzymes -  from L. arboreus and 
P . sativum
(iv) Enzyme extracts from L. polyphyllus plants.
After incubation with the cadaverines for the specified tim e, the reaction  
m ixtures were worked up and the alkaloids were extracted . Capillary 
GLC was carried out on the alkaloidal mixtures at Munich and GC-MS 
analysis was performed at Braunsweig.
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The GLC traces from the complete leaf and petiole and the 
L. polyp hyllus enzyme experim ents show that relatively little ammoden­
drine and smipine are formed (F igs. 9 and 10). The DAO enzymes and 
the leaf d isc s , how ever, produced ammodendrine and smipine as the 
major products (F igs. 11 and 12). It is  the resu lts of the GC-MS of 
the alkaloids formed using DAO enzymes that are used in the calculations 
since they are least affected by dilution with endogenous unlabelled  
material.
GC-MS data were collected under standard conditions. In
addition, MS scans taken from various parts of each GLC peak were 
checked for homogeneity to ensure that there was no fractionation of 
isotopically labelled species in the GLC. Changes in the relative peak  
in ten sities were shown to be ^ 10% by repeated MS scans. The in tensity  
values for M-2, M -l, M, M+l, M+2 and up to M+3 (where M = MW of 
unlabelled metabolite) were recorded for each metabolite. These figures  
were subsequently  corrected for contributions to the peaks by A+l and 
A +2 ions (where A = mass of ion under study) by the following 
formula:
o
(A + l)  = 1.1% x  number of C atoms + 0.36% x  number of N atoms
? 2 (A + 2) = (1 .1  x  number of C atoms) %+ 0.20% x  number of O
^ atoms
These corrections were applied in turn to each peak M, M+l, M+2, M+3 
to arrive at values for the peak in tensities for each metabolite. Analysis 
of the MS of unlabelled metabolites by this method showed that there
120
were no interfering ions present around the mass peak area.
Richards and Spenser have shown that oxidation of cadaverine
by pea seedling DAO takes place without detectable intramolecular
«  * 102 primary isotope e ffect.
The GC-MS data for each metabolite obtained from the DAO
experim ents will be d iscussed  in turn. Exactly analogous resu lts were
obtained from the leaf and petiole experim ents.
4 .2 .1  T etrahy droanabasine
The traces from the GC-MS from the (R)~ and (S) — [ 1— ] —
cadaverine feeds are shown in F igs. 13 and 14, while the peak in ten sities
in their uncorrected and corrected forms are shown in Table 10 for the 
2
( R ) - [ l -  H ]cadaverine feed.
Table 10
Mass 
N umber
Peak
Intensity
Corrected  
Peak Intensity
Percentage Estimate for 90% 
Deuterium Content
164(M-2) 58 58 0.5 0
165(M-1) 189 182 1.5 0
166(M) 1152 1131 9.5 1
167(M+1) 2892 2760 23.2 18
168(M+2) 7440 7110 59.8 81
169(M+3) 1506 658 5.5 0
The major peak at M+2 su g g ests  that both oxidations of cadaverine 
involve retention of the pro-R hydrogens. Since the deuterium content
121
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of the cadaverine is estimated to be 90% then the calculated distribution  
of the M, M + l  and M+2 peaks would be 1%, 18% and 81%. The 
experim ental values are lower, indicating that some deuterium has been 
lo st. Two piperideine units couple to form tetrahydroanabasine and 
racemisation possib ly  occurs after its  production. These p rocesses may 
remove a p ro -R hydrogen present after the initial oxidations of 
cadaverine have taken place.
The GC-MS data from the (S )-[  1-^H]cadaverine feed is shown 
in Table 11.
Table 11
Mass
Number
Uncorrected
Peak
Intensity
Corrected
Peak
Intensity
Percentage Calculated For 
85% x 50%
166(M) 179 179 40.6 33.1
167(M+1) 231 210 47.6 48.9
168(M+2) 68 52 11.8 18.1
If the p r o -S hydrogen is  lost from cadaverine on each oxidation and the 
kinetic isotope effect is neglig ib le, then 50% of the deuterium in each  
cadaverine will be lo st. Taking into account the 85% deuterium content 
of the cadaverine fed , then the calculated values of M = 33.1, M+l = 48.9  
and M+2 = 18.1 are in reasonable agreement with the experimental values.
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4 .2 .2  Ammodendrine
The resu lts  from the feeding experiments with ammodendrine 
are similar to those obtained from tetrahydroanabasine. F igs. 15 and 
16 show the GC-MS traces obtained after feeding (R )- and (S )-[1 -^ H ]-  
cadaverine resp ective ly . Table 12 shows the resu lts of the GC-MS 
analysis from feeding the (R )-p recu rsor .
Table 12
Mass
Number
Uncorrected
Peak
Intensity
Corrected
Peak
Intensity
Percentage Calculated 
for 90%
207(M-1) 27 27 1.2 0
208(M) 243 239 10.9 1
209(M+1) 578 545 24.8 18
210(M+2) 1408 1330 60.4 81
211(M+3) 252 61 2.8 0
The values obtained are similar to those obtained earlier by Wink and 
Witte. Loss of deuterium may again occur during coupling or racem is- 
ation during the formation of ammodendrine.
The figu res obtained after feeding the (S )-p recu rso r , shown 
in Table 13, are also similar to those of tetrahydroanabasine and agree 
well with the calculated values. This supports the theory that the 
p ro -S hydrogen is lost on oxidation of cadaverine.
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Table 13
Mass 
N umber
Uncorrected
Peak
Intensity
Corrected
Peak.
Intensity
Percentage Calculated For 
85% x  50%
207(M-1) 28 28 6.0 0
208(M) 158 154 32.8 33.1
209(M + 1) 251 229 48.9 48.8
210(M+2) 92 58 12.4 18.1
4 .2 .3  Smipine
The data from the GC-MS of smipine are shown in F igs. 17
2
and 18 for (R )- and ( S ) - [ l -  H]cadaverine feed s, resp ective ly . The 
mass distributions after feeding the (R ) -p recu rso r , shown in Table 14 
indicate that around one half of the deuterium is lost on route to 
sm ipine.
Table 14
Mass
Number
Uncorrected
Peak
Intensity
Corrected
Peak
Intensity
Percentage Calculated For 
90% x 50%
180(M) • 63 63 19.4 20.2
181(M+1) 173 165 50.9 49.5
182(M+2) 114 93 28.7 30.2
183(M+3) 16 3 0.9 0
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Since the pro~R hydrogens are not lost in the cadaverine oxidation, the 
loss must occur later in the pathway. As tetrahydroanabasine is on 
the smipine pathw ay, some deuterium will be lost in the formation and 
possib le racemisation of tetrahydroanabasine (as indicated by previous 
r e su lts ) . Further loss of deuterium, however, must occur in the 
rearrangem ent p rocesses to form smipine.
The resu lts from the ( S ) - [ l -  H]cadaverine fed to smipine are
shown in Table 15. The calculated values assuming loss of 50% of the
deuterium during the initial oxidations are in excellent agreem ent,
supporting the assertion that the p ro -S hydrogen is lost on oxidation of
cadaverine. The resu lts are also consistent with there being little
intramolecular primary kinetic isotope effect operating in the oxidations.
No further loss of deuterium occurs in the formation of smipine (cf_. the 
2
( R ) - [ l -  H ]cadaverine case) since the positions involved would have 
already lost their deuterium atoms in the oxidations.
Table 15
Mass
Number
Uncorrecteti
Peak
Intensity
Corrected
Peak
Intensity
Percentage Calculated For 
85% x  50%
180(M) 71 71 30.9 33.1
181(M+1) 124 115 50.0 48.9
182(M+2) 59 44 19.1 18.1
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4 .2 .4  T ripiperideine
The GC-MS traces obtained after feeding the cadaverine
precursors (35) and (36) are shown in F igs. 19 and 20. Table 16
2
p resen ts the data from the ( R ) - [ l -  H]cadaverine feed.
Table 16
Mass
Number
Uncorrected
Peak
Intensity
Corrected
Peak
Intensity
Percentage Calculated For 
90% Deuterium  
Content
249(M) 0 0 0 0.1
250(M+1) 122 122 3.7 2.7
251(M+2) 736 714 21.9 24.3
252(M+3) 2524 2394 73.3 72.9
253(M+4) 475 37 1.1 0
There is again excellent correlation between the experimental values and 
those calculated with a strong M+3 peak, confirming that it is the pro-R 
hydrogens that are retained in the oxidation of three cadaverine un its. 
It also indicates that there has been little dilution with endogenous 
unlabelled cadaverine or tripiperideine. The resu lts obtained after 
feeding (S ) - [  1-^H]cadaverine are detailed in Table 17. The values 
indicate there is  a much greater deuterium loss than is  expected from 
loss due to the oxidation. The reasons for this high loss of deuterium  
are, at p resen t, unclear.
Table 17
Mass
Number
Uncorrected
Peak
Intensity
Corrected
Peak
Intensity
Percentage Calculated For 
85% x  50%
249(M) 70 70 34.0 19.0
250(M+1) 142 129 62.6 42.2
251(M+2) 31 7 3.4 31.2
252(M+3) 0 0 0 7.7
4 .2 .5  Conclusions
Several conclusions can be drawn from the resu lts of the
2
feeding experim ents with (R)~ and ( S ) - [ l -  H]cadaverines:
(i) It is  the p ro -S hydrogen that is lo st, and the p ro-R hydrogen  
that is retained in all processes involving the conversion of -C I^ N I^  to 
-CHO.
(ii) The resemblance of the resu lts obtained with DAO enzyme to 
those from lupin petioles indicates that similar enzymatic p rocesses are 
operating in both system s.
(iii) The oxidation of cadaverine in the system s takes place 
without detectable intramolecular primary kinetic isotope e ffect, support­
ing the findings of Richards and Spenser.
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CHAPTER FIVE 
BIOSYNTHESIS OF ANABASINE
5.1 Introduction
The number of investigations into the alkaloids of tobacco is
103legion -  in fact, tobacco has been studied more than any other plant.
Commercial tobacco is derived from Nicotiana tabacum, while most of the
b iosynthetic stud ies have been performed on other Nicotiana species
e . g . g lu tin osa , rustica  and glauca.
The main alkaloid in N. glauca (tree tobacco) is anabasine,
so called since it was first isolated from Anabasis aphylla, where it is
104found having the (S )-configuration .
4 1
The ex isten ce  of anabasine (17) has been noted in many plant 
species of d ifferent families. Anabasine from N . glauca is almost
racemic but the optical rotations have only occasionally been recorded  
in other sp ec ie s , and conflicting opinions ex ist in the literature.
Table 18 illu strates a selection of optical rotations of anabasine isolated  
from different plant species.
6Table 18. Sources of Anabasine and its  Optical Rotation105
F amily Species Optical Rotation 
[a ]D
Chenopodiaceae
Solanaceae
Chenopodiaceae
Zygophyllaceae
Asdepiadaceae
Anabasis aphylla 
Duboisia myoporoides 
Haloxylon salic ornicum 
Malococarpus crithmofolius 
Marsdenia rostrata
-52° to -80°  
-0 .4 4 °  
-5 8 .1 °  
+10°
0°
Many tracer experim ents have been performed on Nicotiana 
sp ecies . There are numerous methods of administration available, and 
the method used  can have a significant bearing on the resu lts. The
most practised  methods are hydroponics, wick, excised  roots and stem s, 
c e ll-cu ltu res , enzyme system s, stem injection, and leaf administration. 
Hydroponics was the most commonly used method of administration in the 
early tracer experim ents. In this method, tracer is added to a solution  
where intact roots are growing; good incorporations can be achieved as 
roots are the main site of b iosynthesis.
Attempts to elucidate the biosynthetic pathway to the tobacco 
alkaloids [nicotine (116), anabasine (17), anattbine (117) and nom icotine  
(118)] have involved  feeding of putative precursors.
( 1 1 6 ) ( 1 1 7 )
( 1 1 8 )
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Nicotinic acid (18) was found, to be the source of the pyridine ring,
both in nicotine (116) and in anabasine (17). 107 The origin of the
nicotinic acid was found not be be from tryptophan (119) , as it is  in
108micro-organisms and animals (Scheme 44). The results from many
feeding experim ents su ggested  a new different pathway -  from 3-phospho- 
D -glyceraldehyde (120) and aspartic acid (121).
C00HCOOH
NH
( 1 1 9 )  H
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COOH 2
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COOH
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NHCHO
COOH
COOH
COOH
Scheme 44
In the proposed pathway the Schiff base cyclises to yield a tetrahydro- 
pyridine derivative (122), which undergoes degradation^ then oxidation  
occurs to afford the pyridine ring of quinolinic acid (123). The
quinolinic acid is then decar boxy late d to give nicotinic acid, a process 
which is  known to occur in plants (Scheme 4 5 ) .109
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Numerous feeding experim ents have produced results consistent with 
this pathw ay, but there remains some doubt about the validity of this 
route, and there is  still much to be learned about the manufacture of 
nicotinic acId In plants*
For nicotinic acid to be incorporated into anabasine, attack  
must occur from C-3 to C-2 of the piperidine ring (Scheme 46). The 
mechanism of activation is under debate -  the formation of anabasine 
requires an interm ediate nucleophile at C-3 for attack at an electron  
deficient C-2 position of the imine/iminium ion. [The piperidine ring
is thought to be derived from A'-piperideine (20)].
C00H
( 1 8 )
N
( 2 0 ) 
Scheme 46
( 1 7 )
Several mechanisms of activation have been proposed. An N_-glycoside, 
e. g . Nj-ribosyl derivative, was proposed by Wenkert, which involves a 
1 ,6 -dihydropyridine derivative, an enamine, by reaction of an hydroxyl 
at C -6. ^  The enamine could then attack the piperidine r ing , 
producing compound (124), which on decarboxylation and removal of 
the carbohydrate residue would yield anabasine (Scheme 47).
^ \ X C 0 0 H
OH OH
Scheme 47
f i nabas i ne
Nicotinic acid Ny glycoside has been found in tobacco and is formed from 
nicotinic acid but it is not a better precursor than nicotinic a c id .^ ^
Although the pyridine moiety of nicotinamide adenine dinucleo­
tide (NAD) was incorporated into nicotine in N. rustica the efficiency
112was the same as that of nicotinic acid. Nicotianine (125), found in
tobacco le a v e s , was also proposed as an interm ediate, with activation at
C-3 in the interm ediate, as illustrated in Scheme 48. It was shown,
119how ever, to be a much poorer precursor than nicotinic acid.
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Removal of hydrogen at C-6 was found to occur when nicotinic
114acid is  converted  into anabasine. After experim ents with tritium-
labelled nicotinic acid, an alternative mechanism was proposed to account
115for th ese  observations (Scheme 49). It must be s tr esse d , how ever,
that th is mechanism is hypothetical and the method of activation is still 
un proven .
The piperidine ring of anabasine is derived from lysine (14).
The p resen ce  of a symmetrical intermediate was discounted by feeding  
14[2- C ]lysin e  to N . glauca, when all the radioactivity was found to be
located at the C-2' position. Hence free cadaverine is not an in ter-  
14mediate. [1 ,5 -  C^]Cadaverine, however, was incorporated into the
piperidine ring of anabasine.
It was proposed that the unsymmetrical incorporation of lysine
occurred as a consequence of methylation on the e-amino group to yield
e-N -m ethyllysine (126), which is decarboxylated to give Nymethyl- 
117cadaverine (127). Stereospecific oxidation of the primary amino
group affords 5-methylaminopentanal, which cyclises then condenses with 
nicotinic acid to give N'-methylanabasine (128), which could be 
dem ethylated to produce anabasine (Scheme 50). This is analogous with 
the formation of nornicotine (118) from nicotine (116), and Dawson has
shown that N_' methylanabasine is indeed converted into anabasine in 
N. glutinosa.
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14,This hypothesis was tested  by feeding [2- C ]-N -m ethyl-A ‘-  
piperideinium chloride (129) to N. tabacum and N. glauca. It was 
concluded that the incorporation of (129) to produce N*-methylanabasine 
was an example of an aberrant synth esis from an unnatural precursor.
A more recent model proposes a concerted decarboxylation of lysine and 
subsequent oxidation to 5 - a m i n o v a l e r aldehyde in complexation with
pyridoxal phosphate. In this model, the cadaverine intermediate is
It has been demonstrated that cadaverine has a very  
in teresting  and unique role in anabasine b iosynthesis. Cadaverine was 
shown to stimulate the production of anabasine in hairy root cultures
N . h e sp e r is , the incorporation of lysine into anabasine was undiminished, 
but the anabasine production was greatly increased. This su g g ests  
that the utilisation of lysine and cadaverine occurs by distinct enzyme 
sy stem s.
A pathw ay, which involves cadaverine as the precursor of
both rings of anabasine, was proposed in the late 1950s from evidence
121 122from pea and lupin extracts in v itro . * This has never been  
dem onstrated in v iv o .
5.2 Investigations into the B iosynthesis of Anabasine
It was decided to feed deuterium-labelled cadaverines to
2
Nicotiana tabacum cultures and use the H n.m.r .  spectra thereby
obtained to determine whether cadaverine could indeed be a precursor  
for both rings of anabasine. The H n.m.r .  spectrum of anabasine is
predominantly bound and only weakly exch angeab le .119
(129)
He
of N . rustica  transformed with Agrobacterium rh izogen es. These
cultures normally produce mainly n icotine. Furthermore, when
14unlabelled cadaverine was fed together with L -[U - C ]lysine to
shown in Figure 21. The main features are the peaks at 6 8.58,  8.47,  
7.72 and 7.25 p . p . m.  , corresponding to the aromatic protons on C-2,
C - 6 , C~4 and C-5,  resp ectively . The other important signals are at 
6 3.65,  3.20 and 2.80 p . p . m . ,  corresponding to the ' * proton* on C-2'
and the protons on C-61, respectively .
2
[ 2 , 2 , 4 , 4 -  H^]Cadaverine dihydrochloride (56) (Chapter 2) 
was adm inistered by research workers at the A . F . R. C.  Food Research  
Institu te to Nicotiana tabacum cultures and a mixture of anabasine, 
anatabine, nicotine and nornicotine were extracted. Anabasine was 
separated from the other alkaloids by h . p . l . c .  and purified. Clear 
evidence of almost 100% deuterium incorporation into the 3- and 5- 
positions of the piperidine ring was obtained from the Hi n . m. r .  
spectrum of anabasine due to the absence of signals for C-3 and C-5 
protons and changes in coupling at the 2- and 6-positions at 6 3.68 
and 2.80 p . p . m .  The signal at 8 3.68 p .p .m.  had become a sin g let, 
while the peak at 6 2.80 p . p . m.  had changed to a doublet. No 
incorporation of deuterium was observed in the pyridine ring (Scheme 
51, Figure 22),  so cadaverine was not incorporated into this part of 
the anabasine molecule.
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This ev idence indicates that, in v iv o , cadaverine is not a precursor for
the pyridine ring of anabasine in Nicotiana cultures.
2
Similarly, (R)-  and ( S ) - [ l -  H]cadaverine dihydrochlorides
(35) and (36) were fed to Nicotiana root cultures at Norwich. The
alkaloidal ex tracts were again a mixture of nicotine (116),  nornicotine
(118),  anabasine (17) and anatabine (117). The crude samples were 
2
subm itted for H n . m . r .  spectroscopy, and the spectra thus obtained 
are shown in F igures 23 and 24. The deuterium spectra show labelling 
corresponding to the piperidine ring of anabasine with no signals 
corresponding to the pyridine portions.
2
A nalysis of the spectrum produced after feeding ( S ) - [ l -  H]-
cadaverine shows peaks of equal in tensity at 6 3.21 and 2.61 p.p .m.  ,
corresponding to the axial and equatorial positions of C -61 of anabasine,
by comparison with the n . m. r .  spectrum (Figure 21). The three
2
signals in the spectrum from ( R ) - [ l -  HJcadaverine at 6 3.63,  3.21 and 
2.61 p . p . m .  in the ratio of 2:1:1 correspond to the axial and equatorial 
positions of C -61 and to the C-2' deuterium. Hence the signals 
observed in both spectra appear to be due entirely to anabasine, with
little or no contribution from the other alkaloids present.
2 2 The distribution of H signals in the spectrum from ( R ) - [ l -  H]-
cadaverine can be explained by the root cultures forming equal amounts
of the two enantiomers and two diastereomers of anabasine (Scheme 52).
The n . m . r .  spectrum observed is a combination of the signals from
all four labelled compounds.
Figure 23 and F igu re 2 4 . 55 .28  MHz^B-^’h]- N .m .r. sp e c tr a  of anabasine  
in  ch loroform .
(a )  sample of anabasine d erived  from ( R ) - U  -^h] -ca d a v er i r .  ,
(b ) sample of anabasine d erived  from ( S ) - \ i  -^ H j-cad averin e
2-5 ppm.T
F igure 23
Figure 24
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In the more stable chair conformation, the aromatic group 
adopts the equatorial position. When the deuterium is present at the 
2' position , it is  in the axial position. However, when the deuterium  
becomes incorporated at position 61, the label is equally distributed at 
the axial and equatorial positions, because of the formation of racemic 
anabasine.
The argument is similar in the case of the spectrum from
2
( S ) - [ l -  H ]cadaverine (Scheme 53).
flr
f l r
flr'
S c h e m e  5 3
Equal amounts of deuterium will be situated at the axial and equatorial 
sites of C-61.
From these r e su lts , several conclusions can be drawn about 
the b iosyn th esis of anabasine:
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(i) Cadaverine is not a precursor for the pyridine ring - there 
2
are no H signals in the pyridine region of the spectra. This confirms
2
the earlier resu lt after feeding [ 2 , 2 , 4 , 4 -  H4]cadaverine dihydrochloride.
(ii) In the conversion of cadaverine into 1-aminopentanal, it is 
the p ro -R hydrogen that is retained, and the p ro -S hydrogen that is 
lost.
(iii) The nicotinic acid must be able to attack the A'-piperideine 
moiety at C-2' from either the re or si face to produce the structures
shown in Schemes 50 and 51. If the process was stereosp ecific , only
one of the 6' s ite s , axial or equatorial, would be labelled with deuterium.
In order to account for the observations, several proposals 
can be made:
(i) The p rocess is non-enzym ic.
(ii) The process is enzym ic, but is not stereospecific.
(iii) A mixture of (i) and ( i i ) .
2 2 The integration of the H signals after feeding ( R ) - [ l -  H]cadaverine to
produce labelled anabasine makes it clear that racemisation does not
occur after anabasine has been formed. Published work provides
evidence that the formation of hygrine from acetoacetic acid and A1-
pyrroline can be non-enzym ic.
T hese investigations are being continued by Mr. A. B.  Watson
with co-operation from the A . F . R. C.  Food Research Institu te, Norwich
(CASE aw ard). It is  intended to produce anabasine on a larger scale,
2
after feed ing Nicotiana cultures with (R)“ and ( S ) - [ l -  H]cadaverines 
with the aim of separating anabasine from the other products of the
I
I
b iosyn th esis. More information can then be collated -  n . m. r .  (loss  
of H signals and changes in couplings) and m.s .  (for content). It 
is also hoped to extend the studies further by producing analogues of 
anabasine after feeding derivatives of cadaverine to Nicotiana root 
cu ltures.
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CHAPTER SIX
SYNTHESIS OF CADAVERINE DERIVATIVES FOR
BIOLOGICAL TESTING
6.1  Introduction
Much use has been made of cadaverine analogues in the
formation of polym ers, in particular, polyureas and polyamides. For
example,  3 ,3-dim ethylcadaverine (108) was reacted with hexanedioic
acid, 1 ,4-diam ino-2-m ethylbenzene, 1 ,18-octadecanediamine and octa-
decanedioic acid to make a polymer used as an adhesive in the textile
in d u s tr y .123 The syn th eses were carried out under extreme conditions
124usually at elevated  temperatures and pressures.
A known cadaverine derivative, 3 ,3-dim ethylcadaverine, was 
sy n th esised  under mild conditions in order to investigate the bio 
sy n th esis  of quinolizidine alkaloids. This work is described in 
Chapter 3.
In recent y ea rs , a great deal of in terest has been exp ressed  
in the sy n th esis  of polyamines such as cadaverine, putrescine and 
sperm idine and their d er iv a tiv e s .126 These polyamines are widely 
distribu ted  in nature126 and play important roles in various biochemical 
p r o c e s s e s .127 Compounds which have an inhibitory effect on the  
biosyn th esis of polyamines are potentially antibiotic or chemotherapeutic
a g e n ts .128 A series of cadaverine derivatives was prepared in order 
to determ ine the relative biological effects of the different d erivatives.
The sy n th eses  and subsequent testing of these analogues are d iscussed  
in the following section s.
6. 2 S yn th esis  of Cadaverine Derivatives
The series of cadaverine derivatives successfu lly  synth esised  
is shown below [(130) to (135),  (137) and 111)].  Attempts at 
preparing (136) ,  (142) and (145) proved unsuccessful. The compounds 
can be divided into three groups, their syntheses being d iscussed  
separately:
(i) Cadaverine derivatives having only methyl sub stituen ts.
(ii) Cadaverine derivatives containing an oxygen atom.
(iii) Cadaverine derivatives containing fluorine atoms.
6 . 2 . 1  S yn th esis of Cadaverine Derivatives with Methyl Substituents
Preparation of compounds (130) to (134) followed the same 
general pathway (Scheme 54),  utilising the corresponding substituted  
glutaric acid or anhydride. The acid or anhydride was reduced to 
the diol using diborane in THF, resulting in yields of around 75%.
The reaction could be followed by i . r .  spectroscopy since the carbonyl 
peak of the acid or anhydride disappeared on formation of the diol.
The yield  for the reduction step was lowered when the starting  
material was more highly substitu ted . The diol was then subjected to 
the "Golding" reaction , as detailed in Chapter 3. The yield  of th is  
step varied  greatly depending on the substitution pattern of the diol.
It was found that when the compound suffered  from some steric  
congestion , as in the cases of 2 ,2_dimethylpentane_ l ,5 - diol, 3 ,3 -tetra -
<35
HO
THF
Gol  d i  r>9
R°, R1 ,R3 ,R4=H; R2=P1e<130)  H2N 
R°, R3 ,R4=H; R1 ,R2=-<CH2 ) 4-  <133)  
R° , R3 ,R4 =H; R1 ,R2=-<CH2 ) 5-  <134)  
R°, R4=CH3 ; R1 ,R2 ,R3=H <132)  
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Scheme 54
m ethylenepentane-1 ,5-diol and 3, 3-pentam ethylenepentane-1 ,5-d iol, then  
the reaction y ield  for the "Golding" reaction was very low (in the region  
of 5-10%). The "Golding" reaction is thus useful primarily for stra ight- 
chain d io ls, or those with little substitution. It is not particularly  
efficient in the reaction of hindered diols. After reacting the sterically  
hindered d io ls, the product did not readily crysta llise . Often the 
products remained as gums, and efforts to crystallise them from warm 
solutions resu lted  in charring. An attempt at crystallising the 
cadaverine derivatives with a different counter-ion , sulphate ion, were 
similarly u n su ccessfu l. In the cases of 3 ,3 -tetra - and 3 ,3 -p en ta- 
m ethylenecadaverine dihydrochloride, different solvent system s for 
crystallisation  were tr ied , as listed  below -  all without su ccess.
(i) aq. ethanol/acetone 1:1; (ii) acetone; (iii) water;
(iv) n-butanol; (v) isopropanol; (vi) petroleum ether (40/60); (vii) 
diethyl ether; (viii) ethyl acetate and (ix) cyclohexane.
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dihydrochloride. The low yield was probably a resu lt of the highly  
polar nature of the compound making it difficult to crysta llise . There 
was no evidence of reaction at the secondary alcohol.
sy n th esis  of 3-m ethoxycadaverine dihydrochloride (135). Initially, 
diethyl ether was used as the so lvent, and 1.5 molar equivalents of 
silver (I) oxide and 2.2 molar equivalents of methyl iodide were added 
to the reaction mixture; then the reaction was heated at reflux for 18h. 
Work-up of the reaction mixture showed that the reaction product was 
a mixture of m ethylated and unmethylated compounds. The reaction  
was repeated using methyl iodide as the so lvent, and the number of
Problems were encountered in the methylation step in the
1 5 6
equivalents of silver oxide was increased to two. Again the product 
extracted  was a m ixture. Attempts to carry out fractional distillation  
on the mixture were unsuccessfu l. The product mixture was rem ethyl- 
ated to increase the proportion of desired product and the compounds 
were separated by column chromatography. The Rf (in CHCil^) of the 
product is 0 .76 , while that of the starting material is 0.65. The 
absence of the -OH group in the product was verified by i .r .  spectro­
scopy.
Reduction of the methoxydiester by lithium aluminium hydride, 
although su ccessfu l for the corresponding hydroxy compound, did not 
produce the desired result in this case. The n .m .r . spectrum of 
the product was complicated, with a peak at 6 3.73 p .p .m .,  probably 
an -OH group, and two peaks at 6 3.50 and 3.40 p .p .m . which 
presum ably correspond to -OMe peaks. There were two sets  of peaks 
at 6 4 .18 p .p .m . and 2.60 p .p .m .,  perhaps signifying the presence of 
two different d iesters. The reaction was performed tw ice, the outcome 
being the same in each case. A small scale DIBAL reduction which was 
subsequently  performed resulted  in 59% of crude product. N everth eless, 
th is approach was abandoned on account of the low weight of the 
resu lting  impure material. Pressure of time rendered it impossible to 
try  the route again. In order to produce the methoxy analogue in 
high y ie ld , a more effective methylating agent must be sought -  
perhaps dimethyl sulphate (139) or methyl fluorosulphonate (140).
0  0
H3CO-S-OCH3 H 3CO -S-F
0  0
(139) (U0)
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6 .2 .3  Cadaverine Analogues Containing Fluorine
Fluorine analogues often have very unusual and interesting  
effects on biological system s, as detailed in Chapter Two. Fluorinated 
cadaverine derivatives would be of use both in quinolizidine alkaloid 
biosynthetic stud ies and in biological screening. The chosen routes 
to th ese compounds follow the same pattern as the previously mentioned 
analogues. The DAST reagent (diethylaminosulphur trifluoride) was 
employed to in sert the fluorine as required, and the "Golding" reaction  
was used to form the cadaverine salts.
dihydrochloride (111) have been d iscussed in Chapter Three. The 
preferred  route to the disubstituted cadaverines from keto-d iesters is  
shown below in Scheme 56.
Details of the route shown in Scheme 39 to 3-fluorocadaverine
0 c F F F
EtQg COeEt
HO NHe -2HC1
DAST LiAlH4 Golding (141)
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Scheme 56
Many references exist in the literature for fluorination of 
ketones using DAST. Usually, the ketones are in isolation -  no ester  
groups are present -  however for fluorination of hydroxy compounds 
the presence of ester  groups does not affect the fluorination reaction. 
N everth e less , great difficulty was experienced in inserting fluorine 
atoms into th ese compounds. The literature references usually  
employed tem peratures of 80°C, with either a non-polar so lven t, such  
as pentane, or no solvent at all. For compound (141), several 
different conditions were employed and will be d iscussed  in turn:
(i) temperature -  80°C / time -  24h / solvent -  pentane;
(ii) temperature -  80°C / time -  28h / solvent -  none;
(iii) temperature -  60°C / time 2h / solvent -  none;
followed by
temperature -  r . t .  / time -  18h I solvent -  none;
(iv ) temperature -  r .t .  / time - 9 days / solvent -  none.
Under the conditions shown in ( i ) , it  was obvious that the  
starting  material was not miscible with pentane and the starting material 
turned dark brown after lh . On work~up, it was apparent that much 
polymeric material had formed, but no desired product was presen t. 
Since the use of pentane as a solvent had been ineffectual, it was 
decided to perform further reactions without solvent. At 80°C, the 
reaction mixture charred. The temperature of the next reaction was 
lowered to 60°C, whereupon a dark orange oil was produced. Following 
distillation , the orange oil left a black crystalline solid. Spectroscopic  
data on th ese  samples revealed that neither one was the desired product
1 6 1
the distillate was impure starting material, and the residue was polymeric 
material. F inally, the fluorination was performed at room temperature 
to eliminate charring and reduce formation of polymer. The reaction  
was followed by t . l . c .  , which indicated that starting material only was 
p resen t. Obviously the conditions were not severe enough to bring  
about reaction . T hu s, no conditions were found in which the fluorin- 
ated product could be manufactured. The reasons for th is remain 
unclear. Perhaps instability of any initial product formed could  
influence the reaction. If one fluorine atom was in serted , the 
relatively  labile or protons could promote the elimination of HF from the 
molecule to produce the stable conjugated enolate ion (143), which 
could then be protonated and tautomerise to the starting material 
(Scheme 57).
QflST
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Perhaps at th is stage polymerisation would occur. In either ca se , no 
product containing fluorine would surv ive. It is  known, how ever, that 
in the corresponding reaction with the hydroxy compound, no HF is 
eliminated. The elevated temperature required for the ketone to react 
could, how ever, promote the elimination of HF and the formation of
polymer. Since the other starting material with the ketone alpha to 
the ester group would not have labile protons next to the inserted  
fluorine, it was hoped that this fluorination would be more su ccessfu l.
Again, several sets  of conditions were employed: -
(i) temperature -  80°C / time -  18h / solvent -  none;
(ii) temperature -  50°C / time -  18h / solvent -  none;
(iii) temperature -  r . t .  / time -  5 days / solvent -  none;
(iv ) temperature -  80°C / time -  lh  / solvent -  none.
The literature conditions of 80°C for 18h produced a black  
tar. It was n ecessary  to reduce either the time of reaction or to 
reduce the tem perature. N .m .r. spectroscopy of the tar showed
the p resence of a multiplet at 6 3.47 p .p .m .,  possib ly due to the 
protons adjacent to the fluorine atoms. When the reaction was per­
formed at 50°C, aliquots were extracted after lh  and 4h and t . l . c .  and 
n .m .r . data were collected. After lh , starting material only was 
p resen t, but after 4h, traces of a product could be observed both on 
the t . l . c .  plate (at Rf value 0.66) and in the n .m .r . spectrum  
(a small multiplet at 6 3.47 p .p .m .) .  After the reaction mixture was 
stirred  overn igh t, the product was a thick dark orange oil, which was 
difficult to p u rify . The m .s. trace contained a peak at m/z_ 226, 
consisten t with it being the desired fluorinated product. There was 
evidence then that fluorinated product had been found, but unfortun­
ately the purification from polymeric material remained troublesom e.
A reduction of temperature co-ordinated with an increase in 
the length  of reaction time was tested  next. After the reaction mixture
was stirred  for five days at room temperature, it was worked up, but 
only starting material was recovered. There was no evidence of 
formation of fluorinated products. From these resu lts , it was clear 
that an elevated  temperature was required to induce the reaction, but 
extended  reaction time resulted in charring of the compounds. The 
same procedure was tried at 80°C with stirring for lh . Data from the 
reaction prod u ct revealed that a small amount of fluorinated product 
was p resen t, but starting material remained. From all the experimental 
data collected , the most favourable conditions for the fluorination are 
80°C for a period of time between lh  and 24h. Further work is  needed  
to estab lish  the optimum time. This would ensure that reaction takes 
place, but that polymerisation does not occur to any great exten t.
Due to the lack of time, this work was not continued. If the 
investigations were to be resum ed, studies using a different fluorinating  
agent would be attractive.
Attempts were made to prepare a fourth fluorine-containing  
compound, [2 ,2 , 3 ,3 ,4 ,4-F^]cadaverine dihydrochloride (145) from 
hexafluoroglutaric anhydride (144) by the method shown in Scheme 58.
A model reduction of glutaric anhydride using LiA£H4 was 
performed in 55% yield . However, attempts to reduce hexafluoroglutaric 
anhydride by LiA£H4 using cold or reflux conditions did not yield  the 
desired  product. Reduction with BH^.THF resulted  in the formation of 
a diol with no fluorine atoms presen t. Hence the borane reagent had 
exchanged the fluorine atoms as well as reducing the anhydride. Again 
this route was abandoned due to lack of time.
Q h 2 n n h 2
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6. 3 T esting  of the D erivatives Using Biological Screens
The derivatives prepared were tested  using several methods 
for various biological activ ities.
A nti-fungal assays with Penicillium canadense employing the
agar cup method showed that neither 3 ,3-dimethylcadaverine nor 2- 
m ethylcadaverine had any effect on the growth of the fungi. The agar 
cup method con sists of placing solutions of different concentrations of 
the te s t substance into wells cut into an agar dish containing growing 
fu n gu s. The d ishes are incubated for 24h and zones of inhibition  
measured. 3-M ethylcadaverine gave a positive resu lt at high concen­
tration (1 mg per cu p ), while 3-fluorocadaverine inhibited sporing for 
three days at th is concentration. No inhibition of growth was observed  
of Staphylococcus aureus in anti-bacterial assays using the agar cup 
method for any of the analogues. These studies were performed by  
Mrs. P. Tait in the Mycology Unit of the Chemistry Department of 
Glasgow U niversity . The derivatives are also being tested  for anti- 
fungal activ ity  by Dr. D. Walters at Auchencruive Agricultural College.
Initial te s ts  showed that 3 ,3-dimethylcadaverine was more effective than 
a-fluorom ethylornithine (a potent inhibitor of ornithine decarboxylase) 
against plant ru sts .
Studies on anabasine (17) with labelled cadaverines had been 
carried out at the A .F .R .C . Food Research Institute at Norwich by 
Dr. N. Walton on Nicotiana cultures (Chapter 5). Since high incor­
porations were attainable, it was decided to feed 3 ,3-dim ethylcadaverine 
dihydrochloride to Datura stramonium cultures in an attempt to produce 
an anabasine analogue (146).
Me Me
(146)
A fter administration of 3 ,3-dim ethylcadaverine, the tissu e  
culture ceased  growing for several months. On replacement with fresh  
culture medium the culture resumed growth but this growth was 
abnormal. Callus formation occurred, but the tissue culture never  
resum ed normal growth.
Growth of the Datura culture was completely prevented  at a 
concentration of 2 mM. At th is level, 3-methylcadaverine and 2 ,4 -  
dim ethylcadaverine were only partially grow th-inhibitory. The resu lts  
indicate that 3 ,3-dim ethylcadaverine has a very specific toxic action.
E xtensive studies using the cadaverine derivatives with 
diamine oxidase (DAO) enzyme from pig kidney and from pea seedlings
were carried out by Dr. S .K . Ner. The oxidation reaction  
catalysed by th is enzyme is shown in Scheme 58.
H 2N - ( C H 2 ) n - C H 2 N H 2 + H 2 0  + C>2 --------► H 2N ( C H 2 ) n C H O  + + N H 3
Scheme 58.
The experim ents were designed to enable a comparison of the 
oxidation rate of the derivative with that of cadaverine itse lf. Thus 
it is possib le to estimate how effective a substrate the cadaverine  
derivative is for DAO enzym es. The derivatives showed a range of 
oxidation rates and it was found that the two enzymes behaved differently  
towards the same compound. Several interesting observations were 
made:-
(i) 3 ,3-Dim ethylcadaverine was a very poor substrate for both 
enzymes while 3-hydroxy-3-m ethylcadaverine was oxidised efficiently  by  
both enzym es.
(ii) m eso-2 ,4 -Dime thylcadaverine was a poor substrate for both 
enzym es.
(iii) 3-M ethylcadaverine was oxidised efficiently by the pea seedling  
DAO but not by the pig kidney DAO.
(iv) 2 ,2~ Dime thylcadaverine was a poor substrate for pea seedling  
DAO but a good substrate for pig kidney DAO.
The d ifference in the resu lts of the two enzymes are difficult to 
in terp ret. They indicate, however, that much is yet to be learned about
the active s ites  of the two enzymes. Further work is in progress in 
this area.
by Dr. N er. S u rp risin gly , 3 ,3-dimethylcadaverine was found to have 
only a modest inhibitory activ ity , while 2 ,2 -dime thylcadaverine was a 
good inhibitor of pea seedling DAO. This su ggests  that the action of 
3 ,3-dim ethylcadaverine is against a different enzyme. O bviously, more 
investigations must be carried out before definite conclusions can be 
drawn.
(i) The syn th esis  and testing of N-alkyl cadaverines, such as 
N -ethylcadaverine (147). (Some N-alkyl polyamines have anti-tumour 
a c tiv ity ) .
(ii) The manufacture of N -acylcadaverines, perhaps using an 
enzymic route as detailed in Chapter 7.
(iii) The preparation and testing of optically active cadaverine 
d er iv a tiv es , to d iscover if the inhibitory effect is dependent on the 
stereochem istry of the molecule. Optically active cadaverines may be 
available by treatment of (±)~diamines with DAO if one enantiomer 
reacts p referen tia lly .
Inhibition studies on the DAO enzymes were also undertaken
Future work could include :-
h 2 n NEt
H
( 1 4 7 )
(iv ) More assays should be carried out in order to assist in the 
evaluation of the derivatives produced.
Routes to a range of substituted  cadaverines have been 
estab lished . The resu lts from the biological screens indicate that some 
cadaverine derivatives have very interesting properties. More work 
is clearly required if a compound is to be developed with antibiotic 
or anti-cancer activ ity , but the foundation has been laid for continuing  
work in th is area.
CHAPTER SEVEN 
MONOACYLATION OF DIAMINES CATALYSED BY
LIPASE ENZYMES
7.1 Introduction
Although enzyme behaviour has been observed for thousands
of y ea rs , the commercial potential of enzymes as catalysts for chemical
reactions has only recently been recognised and begun to be 
129 130fu lfilled . ’ Several hundred enzymes are now available from
companies such as Aldrich, Boehringer, and Sigma. Enzymes are
exceptional ca ta lysts. They are very  versatile , catalysing a broad
spectrum of reactions usually at room temperature and in aqueous
solutions at neutral pH. Furthermore, enzymes are extrem ely efficient
12and may increase the rate of reaction by up to 10 times. Of most 
importance for some applications is the fact that they are very  selective  
in terms of the structure and stereochem istry of their su b strates.
A minor, but greatly increasing, role is being played by 
enzymes in the chemical industry . The best known biotraiisformation 
is  the manufacture of ethanol from sugar solutions by yeast. Other 
important developments were the production of acetone and glycerol 
from starch , both achieved during the first World War. In the 1920s 
glucose was converted into citrate, which was subsequently transformed  
(in the 1950s) into glutamate and lysine (1 4 )., C urrently, the two 
largest markets for biotransformations are Vitamin C and chemically
modified penicillins. The production of Vitamin C involves an enzymatic
step using Acetobacter suboxydons micro-organism for the oxidation of
131sorbitol into sorbose. Penicillin is produced by fermentation to
form Penicillin-G (148) or Penicillin-V (149). These are them selves 
antibacterial a g en ts, but to improve the biological activ ity , the side-  
chain must be changed. This is achieved by removal of the original 
side chain to give 6-aminopenicillanic acid (6-APA) (150), which can 
then be chemically reacylated to produce a compound with enhanced  
bacteriocidal activ ity , e. g . ampicillin (151).
RNH
0
C0 2H
( 1 )  R=PhCH2 C0 ( 1 4 8 )
( 2 )  R=Ph0CH2 C0 ( 1 4 9 )
( 3 )  R=H ( 1 5 0 )
( 4 )  R= Ph CH( NHo ) C0  ( 1 5 1
The deacylation can be achieved by either chemical (PClj.) or biochemical
means (by using an acylase from Bacillus megaterium, Escherichia coli
or Achromabacter s p .)  ** both are used in in d u stry . The subsequent
modifications are performed using acid chlorides. This example
illu strates how chemical and biochemical techniques may be combined in
, 132the pursu it of a synthetic goal.
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7 .1 .2  Enzyme Specificity
The synthetic utility of enzymes arises from their ability to 
discriminate between structural and stereochemical features of their 
su b stra tes. The most useful enzyme will, therefore, accept a wide 
range of su b strates but will still retain the ability to act stereo- 
specifically on each.
of a racemate stop at 50%, the point at which all of one enantiomer has 
reacted . Often the enantiomer with an unwanted absolute configuration  
must be d iscarded , limiting the total yield of useful material to 50%.
This reduced yield is often unacceptable, and only where the undesired  
enantiomer can be recycled  is the process synthetically attractive.
The first major application of enzymes to enantiomer resolutions
was the hog kidney acylase-catalyzed resolution of Nyacylamino acids.
The acylase is  stereo specific for L-enantiom ers, with the unhydrolysed  
N-acyl-D-am ino-acids being recycled via a chemically induced racemization 
(Scheme 59).
The discrimination of enantiomers by enzymes is well-docum-
133ented . When an enzyme is enantiomeric ally specific, transformations
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COOH COOH
RCHC00H
n h c o c h 3 + h 2 n
NHCOCH R
H
r a c e m i s a t i o n  D L
< -
H+/  h e a l
Scheme 59
Acylase-m ediated resolutions of this type have industrial validity to 
135this date. Amino-acids can also be resolved via stereospecific
hyd rolyses of their ester derivatives. Many serine proteases, e . g . 
chym otrypsin , trypsin  and subtilisin , exhibit L-enantiomer preference.
The use of enzymes to resolve racemates is by no means 
restr ic ted  to amino acids. A great deal of work has been performed 
on racemic e ster s . Chymotrypsin operates on a broad range of 
su b stra tes, always showing the same stereospecificity  for L-am ino-acids. 
Unreactive enantiomers may be recycled via chemical racemization 
(Scheme 60 ).
RCOOCH3 -------------- ► RCQOCH3 RC00H
<±) "o» " L"
R= any  a m i n o - a c i d  s i d e - c h a i n
<------------------------
r a c e m i s a t i o n
Scheme 60
In asymmetric sy n th es is , involvement of racemic intermediates 
is  avoided whenever possib le. Even when the undesired enantiomer 
can be recyc led , the additional steps involved render the process le ss  
favourable. These difficulties can be avoided by exploiting the 
prochiral stereosp ecificity  of enzym es. In these ca ses , 100% of a 
symmetrical substrate may be converted into the desired optically active 
product.
A broad structural range of m eso-diols can be stereosp ecific- 
ally oxid ised  using horse liver alcohol dehydrogenase (HLADH)
(Scheme 6 1 ) . " ^
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OH
OH
OH
HLflDH
■>
OHHO'
OH
Scheme 61137
The value of enzymes in asymmetric synth eses is more widely 
appreciated by organic chemists nowadays, with synth eses incorporating 
enzymatic or microbiological steps becoming more commonplace. The 
enzymatic step usually has as its purpose the production of a homochiral 
compound. The use of enzymes as catalysts in chemical reactions looks 
set to continue and expand.
7 .1 .3  Lipases
Lipases are considered to be one of the most versatile groups 
of enzym es for chemical conversions. In nature, lipases act as 
catalysts for the hydrolysis of triglycerides in an aqueous emulsion.
They work in environments with low water content (at the o il-g lobule/ 
water in terface) and will function in many organic solvents to catalyze 
the rev erse  reaction i . e . ester syn th esis . Lipases are attractive as 
cata lysts for many reasons -  they have low energy requirem ents, high  
reg io - and stereose lectiv ity , are non-corrosive, and do not require high  
tem peratures or p ressu res or expensive co-factors. Lipases sire 
available from animals (the main source being the p an crea s), micro­
organism s, and plants (e . g wheat germ ). The greatest variety of 
bulk lip ases occurs in micro-organisms. Table 19 shows those currently  
available along with their applications.
Racemic mixtures can be kinetically resolved  by the use of 
lip ases. Many widely available drugs are racem ates, with the  
enantiomers having different pharmacological properties. In the near 
fu tu re , pharmaceuticals will probably have to be single isom ers, unless  
the two isomers have the same properties. For new pharm aceuticals, an
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Table 19
Microbial Source Current Applications /C haracteristics
A lcaligenes sp . Asymmetric hydrolysis of symmetrical 
esters
Candida cylindracea  
(rugosa)
Resolution of D ,L-chloropropionic 
acid esters; flavour ester  
synthesis; effective for primary 
and secondary alcohols
Geotrichum candidum High specificity towards C^g 
unsaturated fatty acids
Mucor miehei Cocoa butter equivalent manufactured 
by transesterification; ester  
synthesis
Penicillium cyclopium Monoglyceride synth esis; also 
exhibits stereo-selectiv ity
Pseudomonas fluorescens Asymmetric hydrolysis of symmetric 
esters
Rhizopus arrhizus Esterification
Rhizopus iaponicus Transesterification
asymmetric syn th esis  will be used to introduce a chiral centre.
However, for drugs already on the market, the route may be fixed by 
the licence and a resolution will have to be performed, either on the 
final product or on a near intermediate. If the compound has an acid 
or alcohol moiety nearby, then lipases are ideal for the resolution. An 
ester  could be syn th esised  chemically, and the lipase should preferen­
tially cleave one enantiomer to give a single optical isom er. Many stud ies  
have been made into the resolution of racemic alcohols and carboxylic
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acid s, using lip ases, through asymmetric hydrolyses of the correspond­
ing e ster s . Yeast (Candida cylindracea) and porcine pancreatic lipase  
(PPL) are ideal for practical transformations because they are 
commercially available and relatively in exp en sive , require no co-factors  
for their action, and have a broad substrate specificity . An example 
of th is can be found with chiral epoxides, which are useful synthetic  
interm ediates. Epoxy alcohols such as (152) and (153) have not been
readily available, despite the success of the Sharpless epoxidation  
138reaction . The use of PPL-catalyzed hydrolysis of racemic epoxy
139esters  has solved th is problem. The hydrolyses proceed with very
high enantiomeric specificity  for a range of substitution p attern s, and 
enantiomeric ex cesses  (ee) of more than 90% can be achieved for both 
the epoxy esters  and the epoxy alcohols. In this case , the undesired  
enantiomer is  discarded since the starting materials are inexpensive  
(Scheme 62).
OCOCoH
OCOC^H
0
OCOCoH
0 0
OCOC-sH
OH
c 3 h7 h (153)
Scheme 62
As has already been mentioned, lipases can operate under 
virtually anhydrous conditions to catalyze the reverse mode of 
h yd ro ly sis-ester  sy n th esis . Both reaction modes are reversib ly  
catalyzed by th ese  enzymes (Equation 1).
HYDROLYSIS -*►Acyl-OR + H?0  -«------------------------  Acyl-OH + R-OH
ESTERIFICATION
Equation 1
Klibanov and co-w orkers found that C . cylindracea converted a
carboicylic acid and an alcohol almost quantitatively into the ester in 
140organic so lv en ts . Furthermore, when a racemic acid was used , the 
reaction was highly stereoselective (Scheme 63).
R'CHXCOOH + R'OH - LIPASE» (R)-R'CHXCOOR1 + (S)-R'CHXCOOH
R1 = CH^ X = Br ROH = n -b u ty l alcohol ee(%) = 96
CH3 Cl  " 95
CH3(CH2) 3 Br " 99
Ph Cl  " 99
Ph Br " 79
140
Scheme 63
Schneider et al. showed that in aqueous environment the 
hydrolytic reaction mode is strongly favoured. They prepared alcohols
with high enantiomeric purities by hydrolysis of their racemic acetates
141
using an ester  hydrolase from Pseudomonas s p . (Scheme 64).
They found that the ester  synth esis mode was un successfu l when 
conventional methods were used -  i .e .  when racemic alcohols are
17S
OAc h y d r o  l y s i s
5 0  7.
c o n v e r s i o nPh' He 
( ± )
OH
+
Pc
P h He
S c h e m e  6 4
enzym atically converted  in an ester matrix usually acting both as an 
acyl donor and solvent (described below).
Acyl-OR' + enzyme [Acyl-enzym e] + R'OH (a)
[A cyl-enzym e] + R"OH ^—  ;•  ^ Acyl-OR" + enzyme (b)
Equation 2
It is known that the intermediate acyl-enzyme complex can be trans­
ferred  onto other nucleophiles such as alcohols (Equation 2). Since 
no water is  invo lved , these acyl transfer reactions [in contrast to 
direct esterifications (Equation 1)] provide ideal conditions for ester  
sy n th es is . However, Schneider et al. found that methyl and ethyl 
acetates were ineffective  -  transformations were either slow or not 
observed  at all. The alcohols (methanol or ethanol) liberated from the 
ester  matrix could compete with the substrates for the electrophilic 
acyl-enzym e (Equation 3).
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R'OAc + enzyme -4 ■ ^ [Ac-enzyme] + R'OH
R = Me,Et
R"OH
R"OAc + enzyme
Equation 3
Hence, only if  an irreversib le route to the acyl-enzym es can be used
will th ese  ester  syn th eses become synthetically attractive. Enol
acetates are attractive acyl donors, since the liberated enols are
142released  as acetaldehyde or acetone (Equation 4).
CH2 =CR-OAc + enzyme ^— £ — [Ac-enzym e] + CH3C (0)R  
R = H, CH^ Equation 4
Indeed , Schneider found great rate enhancements in acyl transfer
reactions using vinyl acetate as acyl donor.
Oda and co-workers found that a lipase, Amano P, from
Pseudomonas fluorescens was an excellent catalyst for transesterification
of alcohols with the enol esters ( 1 5 4 (a )-(d )) ,  allowing rapid and
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irreversib le  acylation of alcohols under mild conditions. The
O
R2 -  C -  O-
R 3
R2 R3
(a) c h 3 H
(b) c h 3 CH
(c) n-C 3H? H
(d) n_C7H15 H
(154)
resolution of racemic 2-halo-l-arylethanols was achieved with almost
complete stereoselection using this enzymatic reaction. Optically active
2-halo- 1-arvlethanols are important as synthetic intermediates for
144compounds of pharmaceutical in terest (Scheme 65).
OH
X L I P A S E
R 1 ' "   *  R
AttRNO P
OCOR
R1 X R2
C6 H5 C l c h 3
C1 0 H ? B r c h 3
B r C 6 H 4 B r c h 3
c h 3 o c 6 h 4 B r c h 3
C l n - C 3 H
S c h e m e  6 5
One of the drawbacks of using enol-esters for tran sester ifi- 
cations is  that the aldehydes formed can give rise  to side reactions and 
can thus decrease the enzyme activity. Cesti and co-workers overcame 
th is particular problem by using various anhydrides as the acylating
I  A C
agent. This reaction does not cause the formation of water or
alcohol and the equilibrium is ,  therefore, completely sh ifted  towards the  
products because the reverse reaction is thermodynamically unfavoured  
(Scheme 66).
0H + (CH3C 0 )20 AMANO P
LIPASE
(R ,S ) (S) (R)
> 95% ee > 95% ee
+ c h 3c o o h
Scheme 66
The choice of enzyme is critical in these reactions. In the 
above example where anhydrides were utilised , PPL and lipase from 
C . cylindracea displayed low activity towards secondary alcohols; yet 
both enzymes showed high activity towards the primary alcohols but 
poor en an tiose lectiv ity . For instance, when 2-phenyl-1-propanol and 
acetic anhydride were allowed to react in benzene in the presence of 
PPL immobilised on C elite, the ee of unreacted alcohol was 59% at 50% 
conversion .
The racemic compounds d iscussed  previously are monofunctional. 
The selective  monoprotection of a given function in a m ulti-functional 
molecule constitu tes a challenging task  in organic sy n th esis . R ecently , 
lipases and proteases have been su ccessfu lly  used for selective mono- 
acylation of d io ls" ^  and s u g a r s '^  in organic so lven ts. Chiral amino- 
alcohols are of pharmaceutical in terest, and they have been under stud y  
by several research groups.
their N-alkoxycarbonyl derivatives (Scheme 67) and found that their  
optical resolution was easily obtained by lipase-catalyzed  hydrolysis of
Francalanci and co-workers 148 converted 2-am ino-1-alcohols to
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carboxylic e sters  and by lipase-catalyzed transesterification in organic 
solvent (Scheme 68). Racemic 2-amino-1-alcohol esters are not easily  
sy n th esised , so are unpractical substrates. Attempts to resolve racemic 
2-am ino-1-alcohols by enzymatic transesterification in ethyl acetate 
resu lted , how ever, only in non-stereospecific acylation of the more 
nucleophilic amino group.
NH.
.OH
+ C 1 C 0 2 E t HN‘
OH
R
( a )  R= C2 H5 , Rx = CH3
< b )  R=C2 HS , R1 = n - C 3 H7 
<c> R= CH3 , R1 = C H 3
R1 C 0 C 1
py
HN-
S c h e m e  6 7 148
A.HN ^0 e n z y m e A.HN ^0
0  o l  pH 7 ,  2 5  C
( S )
Scheme 68
u
U
H N ^ ^ O ^  
•OH
( R )
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Although many commercial lipases were tried for the hydrolyses shown 
in Scheme 68, only three -  pancreatin, steapsin , and Lipase Amano P 
gave satisfactory resu lts.
Lipase catalyzed transesterification in ethyl acetate was used  
to reso lve N -alkoxy-carbonyl derivatives of 2-amino alcohols (Scheme 69).
0 00
HN' c r
OH
e n z y m e
+ flcO Et — ~— * 
2 5  C
HN' •0' HN'
< R )  0
*0
■OH
E t O H
( S )
< R , S )  
S c h e m e  6 9
However, Gotor and co-workers found that PPL in ethyl 
acetate catalyzed the enantioselective acylation of the amino group of 
1-am inopropan-2-ol and the N_~ and 0_-acylation of 2-aminobutan- l - ol 
(Scheme 70).
Klibanov and co-workers found that the chem oselectivity of the
enzymatic acylation could be readily controlled by the nature of the acyl 
150moiety. They studied 6-amino- 1-hexanol as a model bifunctional
compound. Using 2-chloroethyl butyrate as the acylating agent, the OH
group was acylated 37 times faster than the NH^ group. In contrast, 
when the 2-chloroethyl ester of N-acetyl-L-phenylalanine was the 
acylating m oiety, the reactivity of the amino group was five times that 
of the hydroxyl group. This observation occurred with several 
enzymes -  A spergillus niger lipase, PPL and Pseudomonas s£ . lipoprotein  
lipase.
1?4
PPL
+ HeCOgE t
<R , S )
NHCOf le
> 9 5 7. ee
OCOMe  
NHCOMe
c s )
> 9 57. ee
PPL
2 + f l eCOgE t
OH
( R , S )
OH
(S)
NHCOI I e
(R)
>957.  e e
S c h e m e  7 0
In parallel with amino-alcohols, diamines have importance in 
organic sy n th es is . Optically active diamines would also be useful in 
our stu d ies of enzyme inhibitors of poly amine b iosynthesis. Studies  
have been carried out to optimise conditions for monoacylation of 
diam ines, and a few chiral diamines have been tested  with PPL to 
discover if stereoselective monoacylation occurs. This work is  
reported  in the following two sections.
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7. 2 Monoacylation of Diamines
Monoacylations of diamines were first studied using the model 
compound putrescine (28) since it was readily available from Aldrich and 
was in exp en sive . The acylation reaction was performed at different 
tem peratures, to observe its effect on selectiv ity . These reactions 
were all performed using PPL as the catalyst, and ethyl acetate as the 
acylating agent and solvent. At 15°C, the reaction was slow -  after 
9 days only monoacylated material was observed with an isolated yield  
of 41% being achieved. At 25°C, again only monoacylation occurred  
during the first 48 hours and the isolated yield was 43%. After th is 
period, the amount of monoacylated putrescine decreased and diacylated  
material became visib le . The reaction was a great deal faster at 35°C -  
even at 16 hours, diacylated putrescine was present. By 25 hours, 
most of the putrescine had been diacylated. At 35°C, there is little  
se lectiv ity  for monoacylation. The temperature of 25°C was chosen  
for the further studies with diamines, as it gave the best resu lts with 
regard to se lectiv ity  combined with reasonable rate of reaction.
D ifferent acylating agents were tested  with putrescine as the 
substrate  in order to monitor the various rates of reaction and thus 
perhaps gain an insigh t into the active site of the enzyme. Five 
esters  were studied -  ethyl formate, ethyl acetate, v inyl acetate, ethyl 
propionate, and ethyl benzoate. The reactions were all run at 25°C 
and were monitored by t . l . c .  It was found that the transacylation  
reactions of putrescine with ethyl formate and v inyl acetate were both  
much faster than with ethyl acetate; both m ixtures contained primarily 
diacylated material after five hours. The reaction mixture containing
vinyl acetate was contaminated with polymeric material. In contrast, 
use of ethy l propionate and ethyl benzoate led to much slower trans- 
acylation. A fter 15 d ays, the reaction in ethyl propionate contained  
only starting  material and monoacylated material, which was subsequent­
ly isolated to yield a 41% conversion into N_-propionylputrescine 
hydrochloride. In an attempt to recrystallise the monopropionyl 
putrescine hydrochloride, the compound was d isso lved , heated in 95% 
aqueous ethanol, and a few drops of acetone were added. The 
recovered salt was analysed and found to be putrescine dihydrochloride, 
su ggestin g  that the monoacylated product was unstable. Ethyl 
benzoate was a poor acylating agent also. After 16 d ays, only 
starting material was present. A small quantity of monoacylated 
pu trescine was visible after 30 days. Thus acylation with smaller 
agents appears to be faster than with larger ones. As expected , the  
irreversib le  nature of the reaction with vinyl acetate ensures that a 
faster rate is  attained. O bviously, for an attractive reaction the 
polym erisation side-reaction must be eliminated. This could perhaps 
be achieved by reducing the quantity of vinyl acetate present by 
dilution with an inert solvent. When th is was tr ied , how ever, the 
polym erisation by-products were still observed . Further work is ,  
th erefore , required in this area.
After testing  different acylating agen ts, it was decided to 
in vestigate  the effect of the alkyl chain of the ester  on the rate of 
transacylation. In th is experiment the alkyl group was varied while 
retaining the same acylating group, the acetate moiety. Six solvents  
were employed, v iz . methyl acetate, ethyl acetate, n -propyl acetate,
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i^propyl acetate, n butyl acetate and phenyl acetate. The substrate  
used was again p u trescin e, the temperature was 25°C, the enzyme was 
PPL and the reactions were monitored by t . l . c .  Use of methyl acetate 
gave sligh tly  slower acylation than ethyl acetate, a result which was 
un expected  and, as y e t , unexplained. The larger n -butyl alkyl chain 
renders the reaction slower than the shorter n-propyl chain, which in 
turn is faster than the branched i-propyl ester . The phenyl acetate 
was the slow est acylating agent. The resu lts demonstrate that 
different rates of acylation can be achieved by altering the alcohol 
portion of the ester .
The water content of the reaction mixture is believed to be 
crucial in the 'ester synthesis' mode of the enzyme reaction. It has 
been su g g ested  that any water present in the solvent inhibits the 
enzyme catalysing the syn th esis of the ester , and activates the 
hyd rolysis mode of action. Samples of ethyl acetate containing various 
concentrations of water were prepared -  0.1%, 0.2%, 0.4%, 0.8%, and 
1.6%, and putrescine was dissolved in these samples. PPL was 
incubated in the samples at 25°C and the reactions were monitored.
It was found that the greater the amount of water present in the ethyl 
acetate, the greater the proportion of diacetylated material was present 
in the solution. This fact could be interpreted as evidence of an 
increased  concentration of water causing a corresponding increase in 
the rate of reaction. On removing the flasks from the incubator, 
how ever, it was observed that crystals had formed on the enzyme's 
surface in v esse ls  containing ethyl acetate with 0 . 1 % and 0 . 2 % water 
content. No crysta ls were present in the flask with 1 . 6 % water, 
while some small crysta ls were present in the 0.4% and 0.8% flasks.
These crysta ls were assumed to be diacetylated putrescine, as both 
p u trescine and monoacetylated putrescine are soluble under these  
conditions. Some crystals were subsequently analysed and were indeed  
found to be diacetylated putrescine; hence the effect being observed  
was a solubility factor and not necessarily a rate factor. The resu lts  
of th is experim ent remain inconclusive. A greater variation in the 
water concentration would, perhaps, give clearer resu lts , so this was 
attempted n ex t. PPL was incubated in flasks containing putrescine  
as substrate  and ethyl acetate as solvent with 0, 6 , 12, 25, and 50% 
w ater. A fter 5 d ays, only diacylated material was present in the 
flasks containing 25 and 50% water, all three compounds (starting  
m aterial, mono- and diacylated material) were present in the flasks  
with 6  and 1 2 % w ater, and the flask containing no added water 
consisted  mainly of starting material and monoacylated product.
T hese observations su g g est that water increased the rate of formation 
of the diacylated product. However, in no case did the proportion of 
monoacylated product exceed 45%.
Although in our early experim ents monoacylation was 
obviously  taking place, low conversions (between 40 and 45%) were 
ob served . It was su ggested  that the yields could be improved by  
increasing the solvent polarity; that is ,  imitating water without 
invoking the hydrolysis mode of reaction. To th is end , a 50:50 
m ixture of DMSO and ethyl acetate was tried: the amount of conver­
sion into monoacylated putrescine remained unchanged however.
The reactions described thus far used porcine pancreatic 
lipase as the enzym e, due to its  ease of availability and relative
in exp en siven ess. As an alternative, lipase from Candida cylindracea  
and A cylase 1 enzyme (which normally catalyses the hydrolysis of 
amides) were tested  to analyse their capabilities of functioning in 
anhydrous ethyl acetate to catalyse the acylation of putrescine. Both 
enzymes gave disappointing results -  the monoacylation reaction  
occurred extrem ely slow ly, and no diacylated product was observed , 
even after 72 days!
Under the correct conditions, the PPL catalysed reaction  
could be a useful method for preparing monoacylated polyam ines, albeit 
in moderate y ie ld .
7 .3  Attem pts to R esolve Racemic Diamines
Attempts were made to resolve racemic mixtures of diamines 
using the enzymatic monoacylation. It was hoped that the enzyme 
would show stereoselective  properties and hence monoacylate one 
enantiomer preferentia lly . The optically active monoacylated product 
could then be separated from the starting material, which would 
contain an ex cess  of the other unreacted enantiomer. In order to 
achieve maximum optical purity , the reaction must proceed to less  than 
50%. This resolution was attempted on three racemic diamines and 
one meso diamine with the following results:
(i)  ( ±) - t r a n s - 1 ,2-D iam inocyclohexane
7/ NHC0CH
( 1 5 5 )  ( 1 5 6 )
S c h e m e  71
By monitoring the reaction of tra n s-1 ,2-diaminocyclohexane 
(155) with PPL in ethyl acetate by t . l . c .  (Scheme 71), it was revealed  
that monoacylation occurred after 2  days and diacylated material was 
formed after 6  days. The reaction mixture was worked up after 3, 6 , 
and 12 days. In all ca ses , both the recovered starting material and 
the monoacylated product had zero optical rotations (c f . ^starting 
material has [ ot]D = -1 7 .1 8 °). Thus the enzyme appeared to show no 
enantiomeric selectiv ity  under these conditions.
(ii) ( t) - 1 , 2-Diaminopropane
NHCOCH
(157)
Scheme 72
The reaction of 1 , 2 -diaminopropane (157) with ethyl acetate 
catalysed  by PPL was followed by t . l . c .  (Scheme 72). This showed  
that only monoacylated product was formed. The reaction was termin­
ated after 3 , 6  and 2 2  days and the product and remaining starting  
material isolated . Again, both compounds displayed zero readings in  
the polarim eter.
Only one monoacylated product was formed, believed to be 
(159). Thus reg ioselective  acylation has been achieved. The two 
possible monoacylated products (158) and (159) cannot be distinguished  
by m .s . , i . r .  or m icro-analysis. The 200 MHz n .m .r . spectra, 
how ever, did indicate the structure of the product which had been 
formed.
H C 1
■H
< 1 5 8 )
H C 1 H C O C H
< 1 5 9 )
In the spectrum of the dihydrochloride salt of recovered  
starting material, the proton signals appeared at 6  3.60 (for the 
methine H ), 3.16 (for the methylene 2H) and 1.30 p .p .m . (for the 
methyl group 3H). In the product, the methine and methylene 
protons appear as a complex signal at ca  ^ 6  3.27 p .p .m ., and the 
methyl protons at 6  1.12 p .p .m . The signals of the methine and 
methyl protons are most affected then by the presence of the acetyl 
group. This su g g ests  that the product is (159).
(iii) ( - ) ~  2-M ethylcadaverine
PPL
Et Of lc
NHCOCH.
( 1 6 1 ) . H C 1
( ± )
( 1 6 0 ) H3 CONH ‘NH-
( 1 6 2 ) - HC 1
H3 CONH NHCOCH.
( 1 6 3 )
Scheme 73
In the reaction of (±)-2-m ethylcadaverine (160) with ethyl 
acetate catalysed by PPL, diacylated and two different monoacylated 
products were formed after 7 days (Scheme 73). Since the mono­
acylated compounds, believed to be (161) and (162), had very  similar 
Rf va lu es, the products of the reaction were separated on 0.25 mm 
silica preparative t . l . c .  p lates. No separation could be achieved when 
th icker silica plates were employed. The plates were developed in 
EtOAc-i_-PrOH-NH^ in the ratio of 9:7:4 , and eluted using methanol 
with a few drops of ammonia. The products were identified as being 
two monoacylated and one diacylated compounds. Due to the small 
quantities of material recovered , no microanalysis data could be 
attained. From the unclear n .m .r . spectra, it is  not possible to 
assign  stru ctures to the two monoacylated products. Yet again, no 
optical activ ity  was observed in any of the products.
(iv) meso c is - 1 ,2-Diaminocyclohexane
H g  . HC  1
E t O f t c
n h 2 NHCOCH*
( 1 6 4 ) ( 1 6 5 )
S c h e m e  7 4
The meso compound c is - 1 ,2-diaminocyclohexane (164) was
incubated with PPL in ethyl acetate, and the reaction was monitored by
t . l . c .  (Scheme 74). As in the case of (155), monoacylation was first
observed  after 2  days and diacylation was first seen after 6  days.
The reaction mixture was worked up after 6  and 12 d ays, but again
the product had no rotation.
A recent publication by Klibanov and co-workers states that
the solvent plays a crucial role in the enzymic resolution of racemic 
151amines. It was found that the enantioselectivity of the enzyme
subtilisin  was highly influenced by the solvent and varied from nearly  
unity for to luene, octane and ethyl acetate to 7.7 for 3-m ethyl-pentan- 
3-ol, when the substrate was ot-methylbenzylamine. (Enantioselectivity
fore, this solvent was integrated into the PPL system . The substrate  
was d isso lved  in 3-m ethylpentan-3-ol containing 2 molar equivalents of 
ethyl acetate. This method was applied to diamines (155) and (157). 
tr a n s -1 ,2-Diaminocyclohexane (155) showed no difference in the resu lts  
with ethyl acetate -  still no optical activity was observed in products 
or starting materials recovered. Even with this so lven t, it appears 
that the enzyme does not distinguish between the two trans enantiomers 
of the compound.
q
was measured as , where V is the initial reaction ra te). T here-
R
In the case of 1 ,2-diaminopropane (157), a small rotation of 
-8 .7 °  was observed for the monoacylated product after incubation with 
PPL in 3-m ethylpentan-3-ol for 6  days. (The [oOD of this product is 
not know n). T h u s, some enantioselectivity is in operation. No 
rotation was noted , how ever, in the recovered starting material. 
Experiments to determine the ee by addition of camphorsulphonic acid 
were inconclusive.
Due to lack of time, no further investigations were performed. 
More stud ies into the enzymic monoacylation process should, how ever, 
be carried out. Some experiments employing different solvents should  
be performed to find the best one for greatest en antioselectiv ity . The 
p ossib ility  of using the system  to resolve racemic diamines is viable 
once a suitable solvent is found. It is in this direction that the 
research must now proceed.
CHAPTER EIGHT
EXPERIMENTAL
8 . 1 General
All melting points were measured on a Kofler hot-stage
apparatus and are uncorrected. Optical rotations were measured with
an Optical A ctivity Ltd. AA 10 Polarimeter. Infra red spectra were
obtained on a Perkin Elmer 580 spectrophotometer. Nuclear magnetic
resonance spectra were recorded with a Perkin Elmer R32 spectrometer
operating at 90 MHz ( 6  ) ,  a Varian XL-100 spectrometer operating at
25 MHz ( 6  ) ,  a Bruker WP200-SY spectrometer operating at 200 MHz
( 6  ) ,  50 MHz ( 6 _) and 30.72 MHz (5 ). Spectra were recorded for
H C D
solutions in deuteriochloroform unless otherwise sta ted , with tetra- 
m ethylsilane as internal standard. Mass spectra were obtained with 
A .E .I . MS 12 or 902 spectrom eters.
T . l .c .  was carried out on Kieselgel G plates of 0.25 mm 
th ickness and developed as stated. The alkaloids were detected by the 
modified D ragendorff r e a g e n t , o r  by Ehrlich's reagent.
Radio chemicals were purchased from Amersham International. 
Radioactivity was measured with a Philips PW 4700 Liquid Scintillation  
Counter using Ecoscint solutions. Sufficient counts were accumulated 
to give a standard error of less than 1 % for each determination. 
Radioactive samples were counted in duplicate. A Panax th in-layer  
scanner RTLS-1A was used for radioscanning of t . l . c .  p lates.
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Tetrahydrofuran (THF) was dried by distillation from 
potassium hydroxide and then from sodium-benzophenone under nitrogen  
prior to u se . Organic solutions were dried with anhydrous sodium 
sulphate and solvents were evaporated off under reduced pressure  
below 50°C.
8 . 2 Experimental to Chapter 3
2  2  [2 ,2 ,4 ,4 -  H ]^-l,5-D iam inopentane dihydrochloride (56). -  The H-
labelled cadaverine (56) was prepared according to the method of Robins 
65 1and Sheldrake. The H n .m .r . spectrum indicated that the dihydro­
chloride contained ca. 92% 2 H  ^ species; <$H (90 MHz) (I^ ^ ) 3.42 ( s ,  4H) 
and 1.85 p .p .m . ( s ,  2H).
2[3 ,3 -  H ^ ]- l , 5-Diaminopentane dihydrochloride (5 7 ). -  Preparation of the
65title compound was performed by the method of Robins and Sheldrake.
The n .m .r . spectrum showed that the salt contained ca . 98% ^
species; 6  (90 MHz) (D^O) 4.16 (t , 4H, J 6  Hz) and 2.30 p .p .m .
H  ^
( t ,  4H, J 6  H z).
( R ) - [ l - 2 H ]-l,5-D iam inopentane dihydrochloride (35).- The title compound
48
was prepared by the method of Spenser and Richards, employing 
enzymatic decarboxylation of L-lysine in by L-lysine decarboxylase.
From ^H n .m .r . spectroscopic data, the deuterium content was estimated  
to be ca. 90%.
2
(S ) — [ 1— H ] - l , 5-Diaminopentane dihydrochloride (36). The enantiomer
2was prepared by enzymatically de car boxy la ting D L -[2- H ]lysine in water
48 1using L -lysine decarboxylase. The H n .m .r . spectrum was identic ad 
2to that of ( R ) - [ l -  HJcadaverine dihydrochloride. The deuterium  
content was estim ated to be ca. 85%.
2
(R )-[2 -  H ]-l,5-D iam inopentane dihydrochloride (89) and 
2
(S ) - [2 -  H ]-l,5-D iam inopentane dihydrochloride (9 0 ) .-  The enantio- 
2merically H -labelled cadaverines (89) said (90) were syn th esised  
according to the procedure of Robins and Sheldrake. I should like to 
exp ress my gratitude to my colleague, Dr. G .N. Sheldrake, who 
provided samples (89) and (90).
[ 1 ,S -^ C ;^ 2 , 2 , 4 ,4-^H ]^-l,5-D iam inopentane dihydrochloride (99)
Propane- 1 ,3-diol (5 g , 6 6  mmol) was dissolved in anhydrous THF (100 ml)
and the solution cooled to -78°C , under a dry argon atmosphere.
M ethanesulphonylchloride (10.15 ml, 132 mmol) was added with stirrin g ,
then triethylam ine (1 3 .3 g , 132 mmol) was added slowly over 5 min.
The solution was allowed to reach room temperature overnight. The
mixture was then poured into ice/w ater ( 2 0 0  ml) and extracted with
m ethylene chloride (3 x  100 m l). The combined extracts were dried
(Na 2 S 0 4) ,  filtered  and evaporated to dryness to leave a yellow oil.
The oil was crysta llised  using ethyl acetate to give the dimesylate
(1 0 .87g , 72%); m .p . 41-43°C; Vfflax (KBr disc) 3030, 1345, 1173,
980 cm"1; 6  (90 MHz) 4.39 (t , 4H, J = 7 H z), 3.06 ( s ,  6 H ), 2.21
H
(q u in tet, 2H, J = 7 Hz); m^ /z_ 202, 175, 111, 97, 79 (100), 57, 29, 15.
(Found: C, 25.80; H, 5.18; S , 27.39. ^5^i2^6^2 reclu r^es
C, 25.86; H, 5.17; S , 27.59%).
Propane-1.3-d iol dimethanesulphonate (1 .60g , 7.0 mmol) (101)
in dry DMSO (5 ml) was added by syringe to a stirred solution of 
13C -labelled sodium cyanide (0 .76g , 15.2 mmol) in DMSO (25 ml) at 
85-90°C, under a dry argon atmosphere. Stirring was continued at
Av\e soVwJc\c>*> w a s
85-90°C for 3h and then^/allowed to cool overnight. The solution was
diluted with m ethylene chloride ( 1 0 0  ml) and washed thoroughly with
brine (5 x  50 ml). The organic solution was dried, filtered and
evaporated to dryness to leave a yellow oil (0 .42g , 63%); b .p . 90°C
(0 .4  mm H g); v (thin film) 2250 cm x; 6  (90 MHz) 1.99 p .p .m .max H
(s , 2H ); m/z 96, 54, 41, 28.
[ 1 ,S-'^'^^JGlutaronitrile (0 .40g , 4.2 mmol) (102) DBU (1 .3 9 g ,
9.2 mmol) and D 2 O (30 ml) were stirred vigorously in a stoppered flask
for 5 d ays. The solution was neutralised with CH^CC^D; extracted
with m ethylene chloride (5 x  10 ml) and the combined extracts washed
with brine (5 m l). The organic layer was then dried, filtered and
2
evaporated to dryness (0 .174g , 42%). The product showed a
content of 85%; v (CC&„) 2950, 2255 and 1430 cm ; 6  (90 MHz)max 4 H
1.99 p .p .m . (s );  m/z 100, 56, 53, 44.
Several attempts to improve the deuterium exchange were made 
on unlabelled glutaronitrile. The chemical y ields and exchanges are
shown below
0.53 equivalents of DBU =>78%  D exchange and 64% chemical yield
1 equivalent of DBU 85% D exchange and 50% chemical yield
2 equivalents of DBU = >  90% D exchange and 38% chemical yield
Since material with > 90% deuterium exchanged was desired , 2.2
equivalents of DBU were used.
13 2[1 ,5 -  C^; 2 , 2 ,4 ,4 -  H^JGlutaronitrile (130 mg, 1.3 mmol)
(103) was reduced by BH^.THF as described earlier, and the product
was recrysta llised  from aqueous ethanol and acetone (85 mg, 3 7 %);
Vmax (KBr d isc) 3420, 3030, 1600' 1570’ 1 4 6 5  and 1 4 0 5  cm~ 1;
6  ^ (90 MHz) (D^O) 3.28 ( s ,  4H), 1.98 (trace), 1.70 p .p .m . (s , 2H);
6  (25 MHz) (D 2 0 )  43.5 p .p .m .;  m/z 105, 104, 103, 90, 60, 44, 38
and 31.
15 13[1-am ino- N, 1- C ]-l,5-D iam inopentane dihydrochloride (2 9 ) . -  The
labelled cadaverine (29) was prepared according to the method of Rana 
and R obins. 3  ^’ ^
3 .3-Dim ethylcadaverine dihydrochloride (108). -  2 ,2-Dimethylpropane-
1 .3-diol (2 .7 1 g , 26 mmol) was dissolved in anhydrous THF (50 ml) and
the solution was cooled to -78°C . Mesyl chloride (4 .0  m l,g  1.48, 52
mmol) was added with stirring and then triethylamine (5 .2 5 g , 52 mmol)
was added slow ly. The mixture was allowed to reach room temperature
overn igh t, then was poured into ice/w ater ( 1 0 0  ml) and extracted with
m ethylene chloride (3 x  75 ml). The combined extracts were dried
(Na 2 SO ^), filtered and evaporated to dryness to leave a yellow oil,
which was crysta llised  from diethyl ether (5 .66g , 92%), m .p . 73-75°C;
v (KBr disc) 3020, 1350, 1175, 957 and 950 cm 1; 6  (90 MHz)max n
4.03 (4H , s ) ,  3.03 ( 6 H, s) and 1.06 p .p .m . ( 6 H, s );  m/z 205, 175, 
151, 97, 85, 79, 55 (100) and 41. (Found: C, 32.5; H, 6.20;
S , 24.71. C 5 H1 6 S 2 C> 6  requires C, 32.29; H, 6.20; S , 24.63%).
2 , 2  D im ethylpropane-1 ,3-diol dimethanesulphonate (5 .03g ,
19.3 mmol) in dry DMSO (12 ml) was added by syringe to a stirred  
solution of NaCN (2 .0 8 g , 42.8 mmol) in DMSO (60 ml) at 85-90°C under 
a dry argon atm osphere. The reaction mixture was stirred  at this 
temperature for one week, then allowed to cool. The solution was 
diluted with methylene chloride (250 ml) and the mixture washed  
thoroughly with brine (5 x 100 ml). The organic solution was dried  
(Na 2 SO ^), filtered  and evaporated to dryness to afford a yellow oil 
( l .O lg ,  43%). b .p . 185-90°C at > 1 mm Hg; vmax (thin film) 2970, 
2940, 2241, 1355, 1175 and 1060 cm"1; (90 MHz) 2.42 (4H, s) and
1.25 p .p .m . ( 6 H, s );  m/z 123, 107, 82 (100), 55 and 41.
3 ,3-Dim ethylglutaronitrile ( lg ,  8.2 mmol) was d issolved in 
anhydrous THF (15 ml) and brought to reflux under a dry argon 
atm osphere. Borane THF (1M, 18.5 ml, 18.5 mmol) was added drop- 
wise by sy r in g e . Heating at reflux was continued for 15 min and then
the solution was allowed to cool to room temperature. Methanolic
hydrogen chloride (1M, 20 ml) was added with vigorous evolution of 
hydrogen being observed after each addition and after a short induction  
period. When the addition was complete, the apparatus was rearranged  
for distillation. The boron residues azeotroped as methyl borate with 
the THF at 60°C. Final traces of methyl borate were removed by 
addition of a few ml of methanol and evaporation under reduced  
p ressu re . The crude product was then dried in vacuo over ^ 2 ^ 5  
24h. The crude solid was recrystallised  from absolute ethanol, water 
and acetone (1 .0 6 g , 64%). m .p. 247-249°C. Vmax (KBr disc) 3010, 
2920, 1610, 1515 and 1410 cm"1; (90 MHz) (D 2 0 )  4.93 (HOD), 3.33
201
( 4H, m ), 1.89 (4H, m) and 1.24 p .p .m . (6 H, s); m/z 167, 129, 112,
69, 55 and 36 (100). (Found: C, 32.68; H, 9.72; N, 16.38.
C7H20N2C £2‘ NH4 C & requires C, 32.75; H, 9.36; N, 16.37%).
14[1 ,5 -  C ] -  3 ,3-Dim ethylcadaverine dihydrochloride . — The title
compound was prepared by the same method as unlabelled dimethyl-
14cadaverine dihydrochloride, except that Na CN was used to displace 
the m esylate group.
Overall radiochemical yield = 19%.
3-Fluorocadaverine dihydrochloride (111). -  Diethylaminosulphur 
trifluoride (DAST) (1 .5  ml, 1.83g, 11.4 mmol) was added via syrin ge  
to CI^CJ^ (20 ml) at -78°C with stirring under a nitrogen atmosphere. 
D iethyl 3-hydroxyglutaroate ( 2 g , 9.80 mmol) in (10 ml) was
added d pvo' S<i o vif 20 <~S. ad  ion (y^ ixti^ re was
allowed to reach room temperature overnight.
The reaction mixture was poured into ice/w ater (50 ml) and
ethyl acetate (50 ml) and then transferred to a large conical flask
containing NaHSC> 4  (5 g ) . After the mixture had been stirred  for lh ,
the layers were separated. The aqueous layer was washed with ethyl
acetate ( 3  x  30 ml) and the ethyl acetate layer was washed with water
(2 x  20 m l). The combined ethyl acetate layers were dried (Na 2 SC>4)
and evaporated to dryness to yield the product as an oil, which was
distilled  (1 .8 8 g , 93%). b .p .  70°C at 0 .2  mm Hg; vmax (thin film)
2980, 1740, 1275, 1155 and 1030 cm”1; (200 MHz) 5.25 (H, com plex),
4.10 (4H, m, J 7 .1 ) ,  2.72 (4H, m) and 1.19 p .p .m . ( 6 H, m, J=7.1).
6  (188 MHz) (C F C £J -185.76 p .p .m .;  m/z 161, 141, 113, 85, 73 and
F 3
29 (100). (Found: C , 52.64; H, 7.24. C 1 9 H1 5 C>4F requires
C, 52.43; H, 7.28%).
202
A solution of diethyl 3-fluoroglutaroate (0 .41g , 2.0 mmol) in 
dry toluene (10 ml) was cooled to -30°C (dry ice/acetone) and DIBAL 
(7 ml, 1 .5M) was added with stirring under nitrogen. The mixture was 
stirred  at -30°C for 30 min and then allowed to reach 0°C. Ethyl 
acetate ( 1  ml) was added and the mixture was poured onto a suspension  
of Celite (lOg) in acetone. Methanol (10 ml) was added with vigorous 
stirring; heat was generated and gas was evolved. The mixture was 
stirred  until it gelled. The gel was left for lh  and then water (20 ml) 
was added to break up the gel. The mixture was filtered , washed with 
water (2 x  10 m l), then with methanol (3 x  10 ml) and the solvenfe was 
removed in vacu o , then the residue was azeotroped with benzene 
( 4 x 2  ml) (0 .1 7 g , 70%). b .p . 154°C at 0.5 mm Hg; V (thin film)
I I l c L X
3360, 2940, 1366 and 1050 cm"1; (200 MHz) 4.89 (1H, com plex),
H
3.75 (4H, m ), 2.82 (2H, b . s . )  and 1.67 p .p .m . (4H, m); (188 MHz)r
(CFC&3) -185 .31  p .p .m .;  m/z 104 (M+-H 2 0 ) ,  103 (M+- F ) , 8 6 , 69, 55, 
43, 32 and 19 (100). (Found: C, 49.14; H, 9.20. C 5 Hn 0 2F
req uires C, 49.18; H, 9.02%).
3-F luoropentane-1 ,5-diol (0 .54g , 4 .4  mmol) was d issolved in 
THF. A solution of hydrazoic acid in benzene (0.79M, 13.4 ml, 10.6 
mmol) was added, followed by a solution of di-isopropyl azodicarboxylate 
( 1 .99g, 9 .7  mmol) in THF (10 ml). Triphenylphosphine (5 .0 9 g , 19.36 
mmol) in THF (60 ml) was added. The rate of addition was kept so as 
to maintain the temperature at 40°C. The reaction mixture was stirred  
at room temperature for lh , then heated at 50°C for 3h. Water (2 ml) 
was added, and the solution was stirred at 50°C for a further 3h.
The solvents were removed in vacuo and the residue was 
partitioned between 1M HC£ (80 ml) and CH2 C £ 2  (80 ml). The aqueous 
layer was further extracted with CH2 C & 2  (2 x 80 ml). The aqueous 
layer was evaporated in vacuo leaving 3-fluorocadaverine dihydrochloride 
which was recrysta llised  from aqueous ethanol/acetone ( 1 : 1 ) (270 mg, 
32%). m .p . 258-260°C. Vmax (KBr disc) 3430, 3000, 1475, 1150 and 
845 cm"1; (200 MHz) (D 2 0 )  4.80 (1H complex), 4.67 (HOD), 3.07
(4H, t ,  J 7 .2  Hz) and 2.02 p .p .m . (4H, m); 6 v (188 MHz) (CFCA-)
F 3
-184.52 p .p .m .;  m/z 102, 81, 56, 42, 35 and 30 (100).
(Found: C, 30.92; H, 7.61; N, 14.66. C 5 H1 5 FN 2 C £ 2  requires
C, 31.08; H, 7.77; N, 14.51%).
Feeding Methods and Extraction and Separation of the Alkaloids
Feeding M ethods. -
The plants were grown in pots in standard compost in a
greenhouse. Eight plants were used for most of the experim ents. To
14 3each precursor was added a sample of C- or H-labelled. cadaverine 
dihydrochloride (1 or 2 nC i), and the compounds were divided into 
equal portions. Each portion was dissolved in sterile water and fed to 
the plants by either the wick (S . microphylla and A. foetida) or the 
xylem -pricking (L. luteus) method, on alternate days for a period of 
10-14 d ays. After a further period of 10-14 d ays, the plants were 
h arvested , and the alkaloids were isolated by a standard method, 
described below.
Fresh lea v es , stems and roots (140g) of the plants were 
finely chopped and blended with methanol. The blended extracts were 
filtered and the methanolic filtrates were concentrated under reduced  
p ressu re . The resulting green residue was dissolved in dichloro- 
methane (100 ml) and extracted with 1.5M sulphuric acid (3 x  100 ml). 
The combined aqueous extracts were stirred at room temperature for 
l^h with zinc dust (5g) to reduce any N-oxides formed. The aqueous 
mixture was filtered  through a pad of Celite 535 which was washed with 
further acid (100 ml) and water (2 x 100 ml). The combined aqueous 
solutions were cooled in ice/w ater and basified with concentrated  
ammonia solution . The resultant alkaline solution was extracted with 
dichloromethane (4 x  300 m l), and the combined extracts were dried, 
filtered and evaporated to dryness to leave a viscous oil ( 2 0 0  m g).
Incorporation figures for each experiment are provided in the 
relative sections of Chapter Three.
The total alkaloidal mixtures were separated using Kies gel G 
silica p lates of 0.25 mm th ickness. The plates were developed in 
chloroform /methanol/ammonia (85:14:1) and visualized with u .v . or 
D ragendorff's reagent. The bands were scraped off and eluted with 
methanol containing a few drops of ammonia. The solutions were then  
filtered , dried and refiltered , and evaporated to dryness to yield the 
isolated alkaloid. Sophora microphylla produced m atrine, anagyrine,
N^m ethylcytisine and cytisine; Anagyris foetid a yielded anagyrine and 
N -m ethylcytisine while Lupin us luteus gave sparteine and lupim ne.
Matrine: Rp 0 .88 , -  39° (lit. value 40.9° in w ater),
(Found M + , 248.1882; C^H^IN^O requires M, 248. 1858); Anagyrine:
Rp 0 .80 , [a ] D = -164° (lit. value*** -165. ° in ethanol), (Found M + , 
244.1565; ^15^20^2^ r^fiuires M, 244.'S"7(&); N-M ethylcytisine:
Rp 0 .75 , (Found M , 204.1258, ^^2^16^2^ recl'uires M, 204. ^2(o3); 
Cytisine: Rp 0 .53 , (Found M , 190.1098, requires 190. UOfc);
Lupinine: Rp 0.52; Sparteine: Rp 0.26.
8 . 3 Experimental to Chapter 4
Ammodendrine B iosynthesis Investigations
2
Samples of (R)~ and ( S ) - [ l -  HJcadaverine dihydrochloride 
were prepared as previously described. The deuterium content of the 
precu rsors was estimated to ca. 90% and ca. 85%, respectively . Four 
biosynthetic  experim ents were performed:
(i) Complete Leaf and Petioles
In each experim ent, two "leaf and petioles" from L. polyphyllus 
were used . The stem was trimmed, and left to stand in a solution of 
the labelled cadaverine (20 mg) in water (pH = 5.7) for 2 days.
When the water level became low, it was topped up with fresh  tap water.
A fter 2 d ays, the leaf and petioles were cut into small 
p ieces , and ground in 0.5M HCJl (15 ml). The mixture was left at 
room tem perature for 30 min, then the solution was made alkaline using  
4M NaOH. The mixture was applied to an Extrelute column, eluted  
with m ethylene chloride, and the resulting solution was evaporated to 
d ry n ess. The product alkaloids were transferred to a small vial and
submitted for GLC and GC-MS analysis.
(ii) Leaf d iscs
Leaflets (2g) from L. polyphyllus plants were cut into 2 mm
width p ieces . The d iscs were immersed in tap water (10 ml) in which
the labelled cadaverine (10 mg) had been dissolved. Occas tonally, 
the flask was sw irled , and left overnight. The leaf discs were 
separated from the medium using cheesecloth. The leaf d iscs were 
ground with 0.5M HC2 (15 ml), left for 30 min and made alkaline using  
4M NaOH. The mixture was applied to an Extrelute column, eluted with 
CH2 C & 2  evaporated to dryness. The separated medium was made
alkaline and applied to a column in the same way. The combined 
alkaloidal extracts were transferred to a vial and analysed by GLC and 
GC-MS.
(iii) C ell-free  Reaction with Diamine Oxidase Enzyme
Samples of labelled cadaverine were tested  with two DAO
enzymes -  from Lupin us arboreus and from Pisum sativum . In each 
experim ent, 200 of DAO enzyme was incubated with cadaverine 
(5 mg) in buffer (2 ml). The buffer consisted of 0.1M borate buffer  
(pH 8 .5) with a 10 mM pyruvate. The samples were incubated at 37°C 
in Eppendorf tubes with tops open to the atmosphere. After 18h the  
solutions were made alkaline using 4M NaOH, and the alkaloids were 
extracted  as described earlier. Again, the alkaloids were transferred  
to a vial awaiting GLC and GC-MS analysis.
(iv ) Enzym e E xtraction  from L. polyphyllus
Leaf d iscs (30g) were homogenised in 0.2M pyrophosphate 
buffer (pH 8 .5) (25 ml) by grinding with a small amount of quartz sand  
in a pestle  and mortar. The mortar was kept in ice. The homogenised 
leaf d iscs were centrifuged for 5 min at 10,000 rev/m in. The super­
natant was decanted , and the pH was adjusted to 8.5 using 1M NaOH. 
Amberlite XAD 2/4 Mesh 20-50 (Sigma) was added to remove the alkaloids, 
then filtered  off using cheesecloth. The resultant enzyme extract 
( 9  ml) was incubated with the labelled cadaverine ( 1 0  mg) and pyruvate  
(10 m g). A control experiment was also set up, where the flask  
contained only the enzyme. The flasks were incubated overnight at 
room tem perature.
The alkaloids were extracted as in ( i i i ) , and analysed by GLC 
and GC-MS.
8 .4  Experimental to Chapter 5
2
Samples of (R )- and ( S ) - [ l -  Hjcadaverine dihydrochloride 
were prepared as previously described. The deuterium contents of 
the precursors were estimated to be ca. 90% and ca. 85-s, respectively .
The Nicotiana cultures were grown at the A .F .R .C . Food 
R esearch Institu te  at Norwich. The cultures were kept in Gamborg's 
B50 medium (full stren gth ) (50 ml) and 2% sucrose was added. Every  
two weeks the cultures were divided.
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(Performed at A .F .R .C . Food Research Institute by their research  
w orkers).
The roots of the culture were blended in 0.2% H?SO. solution, 
left for 2h, then the roots were filtered off. After washing with ether, 
the acidic layer was basified with 1M NaOH to pH6  ( ± 1 ) .  The alkaloids 
were extracted  using ether, dried and evaporated to dryness to leave 
the alkaloids.
The culture medium was neutralised to pH 6-7 using NaOH.
The alkaloidal material was extracted with CHCfl^ as before.
Separation of Anabasine (by workers at A .F .R .C . at Norwich)
The residue was applied to an Analtech silica taper plate and 
developed in chloroform/methanol (100/20). The plate was examined 
under short-w ave u .v .  and the anabasine zone (R  ^ ca . 0.34; ochre/ 
pink colour with Konig's reagent) was scraped off. The scrapings 
were eluted with methanol and after filtration and evaporation of the 
filtrate to d r y n e ss , the residue was redissolved in methanol.
The sample was rechromatographed on an Analtech p late, 
developing with toluene /acetone /methanol/ 25% ammonia (4 :4 .5 :1 :0 .5 ) .
The anabasine zone was again scraped off and eluted with methanol, 
filtered and dried with CaC& 2  as desiccant. Evaporation yielded  
anabasine.
8 . 5 Experimental to Chapter 6
8 .5 .1  Syn th esis of Cadaverine Derivatives with Methyl Substituents
General P rocedure:-
The sub stitu ted  glutaric acid or anhydride (1 mmol) dissolved  
in THF (20 ml) was brought to reflux under a dry argon atmosphere. 
Borane THF (1M, 2 mmol) was added dropwise via syringe. Reflux v/as 
continued for ~ 18h. The reaction mixture was allowed to cool, then  
water (20 ml) was added via syrin ge. The aqueous layer was then  
saturated with K^CO^ (c<i. 4g). Diethyl ether (10 ml) was then added 
to the reaction m ixture. The reaction mixture was extracted using 
diethyl ether (4 x 20 ml); the organic layer was dried (Na2 SO^) and 
evaporated to d ryn ess to leave the product as a yellow oil, which was 
then d istilled .
A solution of hydrazoic acid in benzene (1.0M, 2 .4  mmol) was 
added to the su b stitu ted  diol (1 mmol) in 20 ml THF. A solution of 
di-isopropyl azodicar boxy late (2 .2  mmol) in THF (10 ml) was then added 
with stirr in g .
To th is mixture was added triphenylphosphine (4 .4  mmol) in 
THF (60 m l). The reaction temperature depends on the rate of addition, 
which was kept to maintain the temperature at 40°C. The reaction  
mixture was stirred  for lh  at room temperature, then was heated at 
50°C for 3h. Water (2 ml) was added, and the solution was stirred  at
50°C for a further 3h.
The so lven ts were removed in_ vacuo and the residue was 
partitioned between 1M HC£ (80 ml) and C ^ C i^  (®0 ml). The aqueous
layer was further extracted with CH2 C £ 2  (2 x 80 ml). The aqueous 
layer was evaporated in vacuo leaving the dihydrochloride which was 
recrystallised  from aqueous ethanol/acetone ( 1 : 1 ).
Preparation of Hydrazoic A cid:-
A paste was prepared from equal weights of water and sodium 
azide (32. 5g) in a 500 ml three-necked flask. To this paste was added
benzene (200 ml) and the mixture was cooled to ~ 7°C. Cone, sulphuric 
acid (13 .3  ml, 0.25 mol) was added slowly to the flask with continued  
stirring and cooling, keeping the temperature below 10°C. The mixture 
was stirred  for lh  after the acid had been added, then was cooled to 
0°C. The organic layer was decanted and dried over Na2 SO^. The 
strength  of the solution was determined by titration against standard  
NaOH solution .
3-M ethyl-1 ,5-diaminopentane dihydrochloride (130). -
Using 3-m ethylglutaric acid, the 3-m ethylpentane-l,5-d iol was obtained  
as a yellow oil (75% y ie ld ) , b .p . 160°C at > 1 mm Hg; vmax (thin film)
3360, 2960, 2930, 1455, 1380, 1070 and 1060 cm”1; (90 MHz) 3.67
(4H, t ,  J 6  H z), 3.23 (2H, b . s . ) ,  1 .62-1.32 (5H, m) and 0.90 p .p .m .
( 3H, d , J 6  Hz); m/z 116 (M+-2H ), 100 (M+-H zO ), 8 8 , 82, 70, 67, 55,
41(100), 39, 31 and 29.
The final product (130) was obtained as a white crystalline  
solid (24% y ie ld ) , m .p . 267-268°C; Rf 0.29 (isopropanol/ammonia 5:3); 
v (KBr d isc) 3420, 3000, 1595, 1475 and 1400 cm 1; <$H (90 MHz)
(D 2 0 )  4.93 (HOD), 3.23 (4H, t ,  J 7 H z), 1.80 (5H, br s . ) ,  and 1.12
p . p.m . ( 3H, d , J 5Hz); m/z 117, 99, 70, 56, 45, 38, 36, 30(100), 28. 
(Found: C, 38.10; H, 9.55; N, 14.80; CA, 37.69; C ,H 1 0 N,,C£-
o to 2 2
requires C, 38.10; H, 9.52; N, 14.81; CA, 37.57%).
2 ,2 -D im eth y l-1 -5-diaminopentane dihydrochloride (131). -
Treatment of 2 ,2-dim ethylglutaric acid as described in the
general procedure afforded 2 , 2 -d im ethylpentane-l,5-d iol as a yellow oil
( 8 8 % yield ); b .p . 180°C at > 1 mm Hg; v (CCAJ 3350, 2950, 2865,
m ax 4
1470, 1360 and 1050 cm"1; 6  (90 MHz) 3.45 (4H, d , J 6  H z), 3.30H —
(2H, b . s . ) ,  1.69 (4H, m ), 0.94 (3H, s) and 0.87 p .p .m . (3H, s);
m/z 114, 97, 83, 69, 55, 41(100), 29 and 18.
The title  compound was prepared (4% yield) as described in
the general procedure, m .p. 158-160°C; 0.47 (isopropanol/ammonia
5:3); v (KBr disc) 3440, 3020, 2960, 1595, 1500, 1400 and 1375 cm" 1  max
6 H (90 MHz) (D zO) 4.80 (HOD), 3.14 (2H, t ,  J 8  H z), 3.00 (2H, s ) , 
2 .00-1 .30  (4H, m ), 1.10 ( 6 H, s);  m/z 115, 101, 83, 70, 55, 45, 30(100). 
(Found: C, 40.31; H, 9.79; N, 13.53; CA, 36.40. C7 H2 QN 2 C %2
requires C, 41.38; H, 9.85; N, 13.79; CA, 34.98%).
2 , 4 -D im ethyl-1 ,5-diaminopentane dihydrochloride (132). -
When 2 ,4-dim ethylglutaric anhydride was treated using the standard
procedure, 2 , 4 -d im eth ylp en tan e-l,5 -d io l was produced in 75-6 yield;
b .p . 165°C at > 1 mm Hg; Vmax (CCA4) 3350, 2955, 2920, 1410, 1360,
1340 and 1075 cm"1; 6 t (90 MHz) 3.47 (4H, d , J 8  H z), 2.55 (2H, b . s ) ,
H
1.68 ( 4H, m ), 0.90 ( 6 H, d , J 4 Hz); m/z 114 (M+-H 2 0 )  102, 84, 69, 
55(100), 41, 31, 18.
Using 2 , 4-d im ethylpentane-l, 5-diol, the title compound was 
obtained as a white crystalline solid (22% yield); m .p. 223-224°C;
Rf 0.64 (isopropanol/ammonia 5:3); v (KBr disc) 3400, 3020, 2960,
X _  I H  a X
1600, 1565, 1495, 1470, 1180, 1120 and 1010 cm”1; 6  (90 MHz) (D 9 0 )
H  2
4.83 (HOD), 3 .28 -2 .78  (4H, m ), 2.20-1.90 (2H, m ), 1.55-1.33 (2H, m ), 
1.15 ( 6 H, d , J 7 Hz); m/z 131, 113, 101, 98, 70, 59, 42, 36, 30(100). 
(Found: C, 41.27; H, 9.83; N, 13.80; CA, 34.79. C7 H2 ()N 2 CA2
requires C, 41.38; H, 9.85; N, 13.79; CA, 34.98%).
3 .3-T etram ethylene-1 ,5-diaminopentane dihydrochloride (133). -
3 .3-Tetram ethylene glutaric anhydride was subjected to the standard
procedure to yield  3 ,3-tetram ethylenepentane-l,5-diol (92% yield);
b .p . 160°C at > 1 mm Hg; v (CCA.) 3330, 2940, 2860, 1445, 1155, c ° max 4
1035 and 1005 cm 1; 6  (90 MHz) 3.70 (4H, t ,  J 7 H z), 2.31 (2H,
H
b . s ) , 1.53 ( 6 H, m); m/z 140 (M+-1 8 ), 122, 95(100), 81, 79, 67, 55,
41, 31 and 18.
The title compound was prepared from 3 , 3 -tetram ethylene­
p e n ta n e -l, 5-diol in 18% yield as a thick oil. Rf 0.32 (isopropanol/
ammonia 5:3); v (KBr disc) 3400, 2980, 2920, 1470, 1450, 1115 
max
and 870 cm"1; (90 MHz) (D 2 0 )  4.93 (DOH), 3.15 (4H, m ), 1.75
(4H, m ), 1.10 ( 8 H, m); m/z 110, 99, 84, 70, 56, 43, 38, 36 and 30 
(100). Satisfactory analytical data could not be obtained.
3 , 3 -P en tam ethylen e-1 ,5 -diaminopentane dihydrochloride (134). -
3 ,3-P entam ethylenepentane-l, 5-diol was prepared from 1,1-penta-
methylene diacetic acid using the general procedure, in 80% yield.
b .p . 160°C at > 1 mm Hg; (CC&4) 3300, 2920, 2860, 1445, 1320,
1060 and 1025 cm ; SH (90 MHz) 3.80 (4H, t ,  J 7 H z), 2.62 (2H,
b . s . ) ,  1 .70 (2H, t ,  J 7 H z), 1.44 (10H, m) and 1.00 p .p .m . (2H, t,
J 7 Hz); m/z 154 (M+-H 2 0 ) ,  126 (M+-2H 2 0 ) ,  108, 93, 81, 67, 56,
40(100), 31 and 18.
3, 3-Pentam ethylenepentane-l,5-d iol was converted in 1 0 %
yield to the title  compound, as a gum; 0.36 (isopropanol/ammonia
5:3); v (KBr disc) 3120, 2930, 1375, 1265 and 1120 cm"1; max
6  (90 MHz) (D 9 0 )  5.08 (HOD), 3.24 (4H, m ), 1.62 (10H, m) and
1.12 ( 4H, m); m/z 154, 110, 81, 56, 36 and 30(100). Satisfactory  
analytical data could not be obtained.
3-H ydroxy- 3 -m eth yl-1 ,5-diaminopentane dihydrochloride (137). -
To a stirred  solution of dicrotalic acid (5g , 31 mmol) in methanol
(250 ml) at 0°C was added dropwise SOC& 2  (8 .81g , 74 mmol). The
solution was then evaporated in_ vacuo to leave a yellow oil, which
was d istilled  in vacuo (5 .3 2 g , 91%). b .p . 70°C at 0.5 mm Hg;
v ( CCZJ  3 5 1 0 , 2 9 7 0 , 2 9 4 0 , 1 7 3 0 , 1 4 3 0 , 1195 and 1170 cm 1; 
max 4
6  (90 MHz) 4.70 (1H, b . s . ) ,  3.70 ( 6 H, s ) ,  2.69 (4H, s) and 1.36H
(s , 3H); m /z 175, 117, 85 and 43(100).
3 - H y d r o x y - 3 - m e t h y l p e n t a n e - l , 5 - d i o l  w a s  p r e p a r e d  from 
d im e t h y l  d ic r o t a lo a t e  u s in g  t h e  s t a n d a r d  m e th o d . (88% y i e l d ) ,  
b .p . 165°C a t  0.6  mm Hg; vmax (CC£^) 3 4 2 0 , 2 9 5 0 , 2920  a n d
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1015 cm 1; (90 MHz) 3.68 (4H, t , J 7 Hz), 1.68 (2H, b . s . ) ,
1.50 (4H, m) and 0.95 p .p .m . (3H, s); M/z 131 (M+-3H) 89, 71, 60, 
55 and 43(100).
The title compound was synthesised from 3—hydroxy- 3“*
m ethylpentane- 1 ,5-diol by the general procedure (4% yield); m .p.
249°C (d ec ); Rf 0.15 (isopropanol/ammonia 5:3); v (KBr disc)1 max
3420, 2980, 2920, 1450, 1280 and 1110 cm”1; 6 (90 MHz) (D-O)H 2
5.06 (HOD), 3.20 (4H, m ), 1.90 (4H, m) and 1.15 p .p .m . (3H, s);  
m/z 116, 76, 59, 43(100), 36 and 32. (Found: C, 28.28; H, 7.67;
N, 15.47. C6Hlg N 2OCJl2 requires C, 35.12; H, 8.78; N, 13.66%).
3~H ydroxy-1 ,5-diaminopentane dihydrochloride (135). -
Diethyl 3-h ydroxyglutarate (0. 80g, 4 .4  mmol) in anhydrous ether 
(20 ml) was added to LiA£H^ (0 .55g , 14.5 mmol) in anhydrous ether 
(30 ml). The reaction mixture was stirred at room temperature 
overn ight, and then heated at reflux for 3h. After cooling to room 
tem perature, 30% NaOH solution (5 ml) was added dropwise until the 
inorganic resid u es turned white and granular. The ethereal solution 
was carefu lly  decanted from the solid and the residue was extracted  
with ether (3 x  30 ml); each extract being filtered under vacuum. 
The combined organic solutions were evaporated to dryness to yield a 
thick yellow oil (0 .3 3 g , 70%). b .p . 170°C at > 1 mm Hg; \>max 
(CC&4) 3360, 2960, 1160 and 1070 cm”1; (90 MHz) 3.80 (4H, m ),
103, 89, 71, 59(100), 42, 38 and 29.
The final product was synthesised from pentane-1, 3 ,5-triol 
by the standard method in 33% yield, m .p. 225-227°C; 0.21
(isopropanol/ammonia 5:3); (KBr disc) 3400, 3000, 1600, 1400,
and 1115 cm l ; &E (90 MHz) (D20 )  4.90 (HOD), 3.23 (4H, t , J 7H z),
1.69 (1H, m) and 1.10 p .p .m . (4H, m); m/z 120, 82, 71, 56, 44, 38, 
36, 30(100) and 18. Satisfactory analytical data could not be obtained.
Attempted sy n th es is  of 3-m ethoxy-l,5-diam inopentane dihydrochloride 
(136). -
Silver oxide (4 .9 g , 2 equiv) was added to diethyl 3-hydroxy- 
glutarate (2 g , 9 .8  mmol) in methyl iodide (30 ml) and the mixture was 
heated at reflu x  for 18h. Excess methyl iodide was removed, the 
mixture was filtered  and the filtrate was dried (anh. MgSO^), filtered  
and evaporated to yield  a yellow oil. The methylation was repeated to 
yield a greater percentage of methylated product (1 .64g ). 0.76
(p rod uct), 0.65 (starting  material) (CHCil^)* The product was 
separated from starting material by column chromatography to yield  
0.38g (18% y ie ld ) of methylated product; v (thin film) 2980, 1740,
I Q E X
1445, 1395, 1200, 1095 and 1030 cm '1; 6 (90 MHz) 4.17 (4H, q,
II
J = 7 H z), 3 .39 ( 3H, s ) , 2.58 (4H, d , J 6 Hz) and 1.26 p .p .m . (6H, 
t ,  J 7 Hz); m/z 203, 141, 131, 117, 113, 89, 85, 71, 61, 43, 31,
28 and 15.
A solution of diethyl 3-methoxyglutarate (0 .22g , 1.1 mmol) 
in dry toluene (20 ml) was cooled to -30°C and DIBAxj (3 .5  ml, 5.3  
mmol) was added with stirring under N2» The mixture was stirred at 
-30°C for 30 min, then the temperature was allowed to reach 0°C.
Ethyl acetate (3 ml) was added and the mixture was poured onto a 
suspension  of Celite in acetone. Methanol (10 ml) was added with
2 1 6
vigorous s tir r in g , and the stirring was continued until the mixture 
gelled. The gel was left for lh  and then water (30 ml) was added to 
break up the gel. The mixture was filtered, washed with water 
(2 x 10 m l), methanol (3 x  10 ml) and the solvent was removed in vacuo, 
then the residu e was azeotroped with benzene (4 x 2 ml) to yield a 
brown viscous oil (0 .0 8 g , 59%); v (thin film) 3400, 2920, 1460 and
H l a X
1070 cm 1; (60 MHz) 3.90 ( t ) ,  3.55 ( s ) ,  2.47 ( b . s . ) ,  1.97 p .p .m .
(m). Large im purity at 1.48 p .p .m . No integration data. m/z_ 134 
(M+), 132, 116, 97, 89, 83, 71, 59, 55, 43 and 41.
Attempted sy n th es is  of 3 ,3-difluoro-l,5-diam inopentane dihydrochloride
(141). -
Thionyl chloride (9 .7 8 g , 82 mmol) was added dropwise to a
stirred solution of 3~ketoglutaric acid (5g, 34 mmol) in methanol (250
ml) at 0°C. The solution was stirred overnight, then evaporated to
dryness under red uced  pressure to yield a yellow oil which was
distilled in vacuo (5 .5 6 g , 93%). b .p . 64°C at ~ 5 mm Hg;_ ■ ■ ■ 1 max
(CC£4) 2970, 1740, 1715, 1660, 1630, 1440, 1320, 1230 and 1140 cm"1;
6H (90 MHz) 5 .15  (small p eak ), 3.75 (6H, s ) ,  3.67 (4H, s) and 3.26 
p .p .m . (small peak); 2 / 5 , 174 (M ) , 143 (M-OCH^), 101(100), 69, 59,
43 and 31. (Found: C , 48.22; H, 5.70. C?H1()0 5 requires C, 48.27;
H, 5.79%).
Diethylam inosulphur trifluoride (DAST) (0.38 ml, 2.87 mmol) 
was added to pentane (20 ml) at 80°C under nitrogen. The apparatus 
had p reviously  been flam e-dried, and flushed with nitrogen. Dimethyl 
8-ketoglutarate (0 .5 g , 2.87 mmol) in pentane (5 ml) was added via
syringe dropwise and the solution was stirred overnight.
The reaction mixture was poured into water (50 ml) and 
ethyl acetate (50 ml) was added. The organic layer was separated 
and the aqueous layer was extracted with ethyl acetate (2 x 20 ml).
The organic layer was then washed with water (4 x 20 ml), dried 
(Na2S 0 4) , and evaporated in vacuo to yield a dark brown oil (0 .40g). 
This brown oil contained starting material and polymeric material but 
no desired fluorinated product. The reaction was repeated using the 
following conditions:
(a) tem perature -  80°C / time - 28h / solvent -  none
(b) tem perature -  60°C / time -  2h / solvent -  none
followed by
temper ature-room temperature /time- 18h /solvent-none
(c) temper ature-room temperature /time- 9 days/solvent-none
Starting material and polymer material only were produced 
under th ese  con d ition s.
Attem pted s y n th e s is  o f 2 ,2 -d iflu oro-l,5 -d iam in op en tan e dihydrochloride
(142). -
o-K etoglutaric acid (25 .69g , 0.18 mol) was dissolved in a 
rapidly stirred  solution of ethanol. Toluene (80 ml), conc. HC& (1 ml) 
and a fu rther amount of ethanol (40 ml) were added to the reaction
mixture, which was heated at 40°C overnight. The azeotropic mixture
of ethanol, toluene and water was distilled off under reduced pressure. 
Toluene (80 ml) and ethanol (125 ml) were added to the residue and the 
solution was heated at 40°C for 20h. The solvent was removed in vacuo
as before, and the residue was distilled  (32g, 90%); b .p . 102°C at
0.35 mm Hg; vmax (thin film) 2985, 1730, 1260, 1205 and 1070 cm
6 (90 MHz) 4.34 (2H, q , J 8 H z), 4.18 (2H, q , J 8 H z), 3.17 (2H,H — “
t , J 7 H z), 2.66 (2H, t ,  J 7 H z), 1.38 (3H, t ,  J 8 Hz) and 1.27 (3H,
t ,  J 8 Hz); m/z 203, 129, 101(100), 55, 29, 27.
The procedure used in the attempted fluorination of 
dimethyl B-ketoglutarate was also used in the fluorination of diethyl 
a-g lu tarate , with the following sets  of conditions:
(i) tem perature -  80°C / time -  18h / solvent -  none;
(ii) temperature -  50°C / time -  18h / solvent -  none;
(iii) temperature-room tem perature/tim e-5days/solvent-none;
(iv ) tem perature -  80°C / time - lh  / so lvent -  none.
In cases ( i ) , (ii) and (iv ) there was evidence for the formation of a
small amount of fluorinated product.
(eth y l acetate) 0.66 (p rod u ct), 0.58 (starting material); v x msix
(thin film) 2980, 1730, 1640, 1535, 1255, 1095 and 1020 cm"1;
6 „ (90 MHz) 4.37 (m ), 3.47 (small m ), 3.15 ( t ) , 2.65 (t) and 1.36 
p .p .m . (m); m/z 226, 203, 129, 101, 73, 55, 43, 29(100) and 18.
Attempted syn th esis  of 2 ,2 ,3 ,3 ,4 ,4-h exafluoro-1 ,5-diamino- 
pentane dihydrochloride (1 4 5 ). -
(i) Model R eduction. -
A LiA&H^ reduction was performed on glutaric anhydride  
employing the procedure described in the reduction of diethyl 3- 
hyd roxyglu taroate, earlier in this section to give p en ta n e-1 ,5-diol
(55% yield ); v (CC&.) 3360, 2940, 2860, 1074 and 1045 cm '1; max 4
6 (90 MHz) 3.66 (4H, t ,  J 6 H z), 2.28 (2H, b . s . )  and 1.52 p .p .m .
H  —
(6H, m); m/z 102, 86, 74, 68, 56, 44, 41 and 31(100).
(ii) Attempted Reduction of 3,3 ,4 ,4 ,3^5-hexafluoroglutaric 
anhydride (1 4 4 ). -
A standard diborane reduction was performed on compound 
(144), but did not yield the desired diol. LiAJlH^ reductions 
performed using standard and cold (-20°C ) conditions did not afford  
the desired product.
8.6 Experimental to Chapter 7
Standard Procedure for Extraction of Products from Enzyme Reactions
The organic solvent was decanted from the reaction v esse l.
A mixture of chloroform and methanol (9 :1 , 20 ml) was added to the 
enzym e, and the reaction mixture was stirred  at room tem perature for 
lh . The solution was then filtered  through C elite, and the combined 
extracts were dried (Na2S 0 4) , filtered , and evaporated to d ryn ess to 
yield  an oil. The oily residue was d isso lved  in a mixture of hot 
water and 6M HC& (10 m l). This solution was pumped to dryn ess to 
give the unreacted diamine dihydrochloride and the monoacylated 
diamine hydrochloride (and sometimes the diacylated diam ine). 
Extraction of the mixture with propan- 2-ol d issolved  the acylated  
compound which was separated by filtration. The volume of the 
filtrate was reduced and the solution was kept at 0°C overn ight.
The precip itate was filtered and dried to afford the monoacylated 
diamine.
Standard  Procedure for Enzyme R ea ctio n .-
The diamine ( l g ) was d issolved in ethyl acetate (10 ml) and 
porcine pancreatic lipase (PPL) ( l g ,  A ctivity using triacetin  at pH 7 .4 , 
60 min : 13.3 units/m g solid) was added. The flask was shaken in a 
tem perature-controlled w ater-bath . At in terv a ls , portions were taken  
out of the reaction mixture and a t . l . c .  plate run of the sample in  
ethyl acetate/isop rop anol/cone. ammonia (9 :7 :4 ) . The progress of 
the reaction was monitored in this way. At the end of the reaction  
period, the products were extracted  as detailed in the standard  
procedure.
Temperature Study of the Monoacylation of Putrescine (2 8 ) . -
(a) 15°C
After a period of 9 d ays, 41% of the putrescine had been  
converted  to monoacylated pu trescine. No diacylated putrescine was 
observed  at th is tem perature.
(b) 25 °C
During the first 48h, only monoacylated putrescine was 
formed (43% y ie ld ). After 48h, diacylated material was observed and 
the amount of monoacylated putrescine had decreased .
(c) 35°C
Diacylated putrescine was observed  after 16h of reaction.
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Putrescine dihydrochloride. -
(free base) 0; m .p . > 322°C (d ec); vmax (KBr disc) 3080, 1470, 
1450 and 1120 cm"1; 6 n (90 MHz) (D 90 )  4.73 (HOD), 3.09 (4H, b . s . )
H  u
and 1.78 p .p .m . (4H, b . s . ) ;  88, 70, 59, 43 and 30(100).
(Found: C, 29.80; H, 8.66; N, 17.35; Cl  43.93. C4H14N2C £2
requires C, 29.81; H, 8.69; N , 17.39; Cl ,  44.10%).
Monoacetylated putrescine hydrochloride. -
R , (free base) 0.17; m .p. 136-138°C; v (KBr d isc) 3460, 3260,f  t » V m ax
3080, 1650 and 1555 cm"1; 6 Q (90 MHz) (D ,0 )  4.87 (HOD), 3.33H «
( 4H, m ), 2.11 ( 3H, s) and 1.77 p .p .m . (4H, m); m/z 130, 101, 86,
73, 70, 43, 36 and 30(100). (Found: C, 42.16; H, 8.83; N, 16.05. 
^6^15^2^^^ re<4u r^es 43.24; H, 9.00; N, 16.81%).
Diacetylated p u tresc in e . -
Rr 0.53; m .p . 133-138°C; v (KBr disc) 3300, 1630 and 1540 cm"1; t r  max
6 H (200 MHz) (D zO) 4.67 (HOD), 3.01 (4H, m ), 1.81 (6H, s) and 1.35
p .p .m . (4H, m); m/z 172, 129, 112, 100, 87, 70, 58 and 43(100).
(Found: C, 55.55; H, 9.21; N, 16.28. CgHi6 N2°2  recluires C ’ 55.81;
H, 9.30; N , 16.28%).
Study of D ifferent A cylating G roups. -
Putrescine was incubated with PPL in the specified  organic solvent at 
25°C using the standard procedure.
(a) Ethyl formate
After a period of 48h, only diformylated putrescine could be observed . 
The reaction mixture was worked-up in the standard fashion , and 
diform ylated putrescine crysta llised  out of ethyl formate.
Diformylated putrescine
R , 0.81; m .p . 94-96°C; v (KBr disc) 3280, 1630, 1540, 1390 f max
and 1222 cm"1; 6 (90 MHz) (D 90 )  8.53 (2H, s ) ,  5.17 (HOD), 3.75
H  u
(4H, m) and 2.05 p .p .m . (4H, m); m/z 145, 115, 99, 86, 73, 58, 46 
and 30(100). (Found: C, 50.01; H, 8.31; N, 19.34. C6H12N20 2
requires C, 50.00; H, 8.33; N, 19.44%).
(b) Ethyl acetate
Details are as previously  reported .
(c) Vinyl acetate
A fter 5h, diacylated and monoacylated putrescine were observed . 
Polymeric material was also v isib le .
(d ) Ethyl propionate
The reaction was terminated after 15 days to yield  41% of monoacylated 
pu trescin e . No diacylated putrescine was observed . This product 
was unstable, and on attempted crysta llisation , hydrolysed  to yield  
putrescine dihydrochloride.
(e) Ethyl benzoate
After 16 d ays, only starting material was v isib le . The reaction was 
terminated after 30 d a y s , when a small quantity of monoacylated 
putrescine was v isib le . Due to the d ifficu lty  in removing the e ster , 
the product was not isolated.
Attempts to R esolve Racemic Diamines
(t)-tran s-l,2 -D iam in ocycloh exan e dihydrochloride (155 ). -
Rf (free base) 0.22; m .p. > 320°C (d ec); v (KBr d isc) 3400, t max
2876, 1601, 1530, 1496 and 1034 cm"1; 6 (90 MHz) (D ,0 )  4.74
H
(HOD), 3.47 (2H, m ), 2 .25-1 .48  p .p .m . (8H, m); m/z 114, 97, 82,
69, 56 and 43(100). (Found: C, 38.53; H, 8.53; N , 14.89;
Cl ,  37.85. C ^H -j^^C ^ requires C, 38.50; H, 8.56; N, 14.97;
Cl ,  37.97%).
( ±)-M onoacylated-1 ,2 -diaminocyclohexane hydrochloride (156 ). -
Rr (free base) 0.36; m .p . 278-280°C; v (KBr d isc) 3415, 2880, f  / • tr m ax
1600, 1530 and 1496 cm"1; (90 MHz) (D-O) 4.94 (HOD), 3.69
H  w
(2H, m ), 2.43 (3H, s) and 2 .31 -1 .65  p .p .m . (8H, m); m/z 119, 89, 
60, 45, 40 and 18(100). When the product was recrysta llised  and 
subm itted for m icroanalysis, the data showed that the acetyl group was 
no longer p resen t, and the m .s . data was that of the diamine 
dihydrochloride. T hus, heating of the compound caused it to 
h y d ro ly se .
( ± ) - l >2-Diam inopropane d ihydroch loride ( 1 5 7 ) . -
(free base) 0.10; m .p . 187-189°C; v (KBr disc) 3410, 2895,i max
1605, 1560, 1523 and 1037 cm"1; (200 MHz) (D-O) 4.67 (HOD),
H  -  £
3.60 (1H, m ), 3.16 (2H, m) and 1.30 p .p .m . (3H, d , J 6 .7  Hz);
6 c (50 MHz) 46 .0 , 42.7 and 16.5 p .p .m .;  m/z_ 112, 56, 44(100) and 
30.
Monoacylated (± )-l,2-d iam inopropane dihydrochloride (159 ). -
R£ (free base) 0.26; m .p . 191-194°C; v (KBr disc) 3420, 3255,t max
2940, 1630, 1550 and 1515 cm"1; 8 n (200 MHz) (D?0 )  4.63 (HOD),
H  ^
3.33 (1H. m ), 3.23 (2H, m ), 1.86 (3H, s) and 1.13 p .p .m . (3H, d ,
J 6 .6  Hz); 6 (50 NHz) (D20 ,  Dioxan) 175.83, 48.52, 43.09, 22.82
and 16.30 p .p .m .;  117, 73, 57, 44(100), 36 and 30. (Found:
C, 39.16; H, 8.64; N , 18.25; Cl ,  23.47. C ^ ^ O C S ,  requires
C, 39.34; H, 8.52; N, 18.36; Cl ,  23.28%).
(±)-2-M ethylcadaverine dihydrochloride (1 6 0 ). -
R£ (free base) 0.17; m .p . 164-166°C; v (KBr disc) 3420, 3025,f max
1595 and 1455 cm '1; 6 R (90 MHz) (D20 )  4.87 (HOD), 3.23 (4H, m ), 
1.92 (5H, m) and 1.16 p .p .m . (3H, d , J = 7 Hz); m/z 117, 87, 70, 
56, 45 and 30(100).
(±)-M onoacylated-2-m ethylcadaverine hydrochlorides (161) and (1 6 2 ). -
Rr (free base) 0.35; v (KBr disc) 3010, 2340, 1635 and 1405 cm 1 t max
6 (90 MHz) (D ,0 )  4 .88 (HOD), 3.18 (4H, m ), 2.21 (3H, s ) ,  1.75
H «
(5H, m) and 1.04 p .p .m . (3H, d , J 7 Hz); m/z 121, 87, 73, 58, 43 
and 30(100).
R, (amine) 0.39; v (KBr disc) 3400, 3040, 1625 and 1405 cm i max
6 (90 MHz) (D20 )  5.01 (HOD), 3.43 (2H, m ), 3.14 (2H, m ), 2.33
( 3H, s ) ,  1.74 (5H, m) and 1.24 p .p .m . (3H, d , J 7 Hz); m/z 89. 71, 
56, 43 and 30(100).
(±)-D iacylated-2-m ethylcadaverine (1 6 3 ). -
R , 0.57; v (KBr disc) 3320, 3200, 2960, 1665, 1385, 1265 and t max
1110 cm 6 (90 MHz) Unresolved; m/z 200 (M^), 141, 114, 101,
H  —
87, 72, 59, 43(100) and 30.
m eso -c is-1 ,2-Diaminocyclohexane dihydrochloride (1 6 4 ). -
R  ^ (free base) 0.15; m .p . 280°C (d ec); vmax (KBr disc) 3420, 2885,
1590 and 1500 cm"1; 6 (90 MHz) (D 70 )  5.01 (HOD), 4.10 (2H, t ,
H  ^
J 6 H z), 2.23 (4H, m) and 2.03 p .p .m . (4H, m); m/z 114, 97, 82,
69, 56, 43(100) and 30.
Monoacylated cis-l,2 -d iam inocyclohexane hydrochloride (1 6 5 ). -  
R£ (free base) 0.32; m .p . 284°C (d ec); v (KBr disc) 3440, 3020,x iHcix
2970, 1595 and 1500 cm '1; S (90 MHz) (D ,0 )  4.97 (HOD) 4.03 (2H,
r l  ^
m ), 2.20 (3H, s ) , 2.17 (4H, m) and 1.95 p .p .m . (4H, m); m/z 114,
97, 82, 69, 56(100), 43 and 30.
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